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GENERAL INTRODUCTION 
Many investigators over the years have studied the 
possibility of utilizing the concentration of a nutrient 
element in a crop plant or plant part as a measure of the 
sufficiency of that element and as a guide for fertilizing 
for optimum or maximum crop yields. These studies have in­
volved many nutrients and crops as well as many nutritional 
and procedural problems (Goodall and Gregory, 1947). Thus 
far, however, plant analysis has not been used extensively 
in nutrient deficiency diagnosis. 
For most soil and crop conditions, soil analysis methods 
have served as general guides to fertilizer needs and prac­
tices. It is now generally recognized, however, that the 
amount of nutrients a plant can obtain from a given soil may 
vary under different conditions of growth, and that plant 
analysis can serve an important complementary role to soil 
analysis by providing more specific information on the suf­
ficiency of nutrients available to a crop. Thus, it can be 
useful in nutrient deficiency diagnosis. 
The concentration of a given nutrient element in a plant 
or plant part that is just sufficient to provide maximum yield 
\ 
with respect to that element has been designated by many in­
vestigators as the critical percentage. Macy (1936) reviewed 
the previous literature in this field and proposed the con­
cept that there is a critical percentage of each nutrient in 
2 
each kind of plant. 
Above which there is luxury consumption, (increase 
in nutrient content without any increase in yield) 
and below which there is poverty ad iustment. which 
is almost proportional to the deficiency until a 
minimum percentage is reached. 
More specifically, it means that, as a nutrient element is 
added to a soil or solution that is very deficient in that 
element, the added supply is first used to increase yield with 
little if any effect on the nutrient concentration in the 
plant (region of minimum percentage). As the supply is in­
creased, both crop yield and nutrient concentration in the 
plant are increased (region of poverty adjustment). Beyond 
this zone, the plant no longer increases in yield with in-, 
creasing supply, but the increase in nutrient concentration 
in the plant continues (zone of luxury consumption). This 
concept has provided a framework that has been helpful in re­
lating nutrient supply to the nutrient concentration in the 
crop and to yields. 
One of the important questions regarding the nutrient 
concentration at maximum yield with respect to that element, 
the critical concentration, is whether or not and to what 
extent certain growth factors may affect this relationship 
between plant composition and crop yields. Macy (1936) be­
lieved that other factors would not have any effect on the 
critical percentage except possibly in special cases. Others 
(Lundegardh, 1951; Dumenil, 1961, 1967; Voss et al., 1970) 
have modified Macy's concept. Their research showed that 
3 
limiting growth factors, such as other nutrients, plant 
density, and weather, caused the critical percentages in 
vegetative parts to vary over a moderate range. As the other 
limiting factors approached sufficiency, the critical percent­
ages then approached the narrow range or point that Macy 
(1936) suggested. Pierre et al. (1977a,b) found little evi­
dence on the basis of very limited information that plant 
density, weather conditions, and other nutrients had any 
effect on the critical N concentration of corn grain, but 
they pointed out the need of studies of these and possibly 
other factors. 
Most of the investigations on the critical percentages 
with corn (Zea mays L.) have been with leaves, but recent 
studies have indicated that the critical N percentage of corn 
grain may have some advantages over that of the corn leaf in 
diagnosis of N deficiency (Pierre et al., 1977a,b). 
The major objectives of this investigation are the 
f ollowing t 
1. To study the methodology most satisfactory for 
calculating the maximum yield and associated 
critical percentage of a nutrient element ; 
2. To determine the effect of time of leaf sampling 
at and near silking on the critical N concentration; 
3. To study the effect of different levels of P and of 
K on the critical N percentages, and the reciprocal 
effect of levels of N on the critical P concentra­
tions in both the corn grain and leaf ; and 
4 
4. To study the effects of crop sequence, plant 
density, and soil moisture stress on critical 
nutrient concentrations in the grain and leaf. 
A secondary objective of this study is to compare the 
relative effects of the variables on the critical nutrient 
concentrations in the grain and leaf. 
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LITERATURE REVIEW 
Plant analysis can be used to show the nutritional 
status of the plant provided the yield - plant composition 
relationship, including the percentage of a nutrient at maxi­
mum yield, has been determined. The general relationships 
between yield and concentrations of nutrients have been 
reviewed by Macy (1936), Ulrich (1943, 1952), Goodall and 
Gregory (1947), Nelson (1956), Dumenil (1958), Smith (1962), 
Ulrich and Hills(1967), Voss (1969), and others. 
Macy (1936) presented the basis of the theory that is 
now generally accepted. Goodall and Gregory (1947), in 
their extensive review, suggested that much progress had been 
made in different areas, including the use of plant analysis 
in the interpretation of the results of field trials and in 
making surveys of soil nutrient deficiencies. They discussed 
three important relationships; (l) the relation of yield 
to nutrient supply and uptake, (2) the relation of internal 
nutrient concentration to nutrient supply, and (3) the 
relation of yield to internal nutrient concentration. 
Dumenil (1958) studied the relationships between corn 
yields and the concentrations of N and P in the corn leaves in 
many field fertilizer experiments. He suggested that plant 
analysis may be a better method than any other technique for 
determining the nutrient status of the crop, provided that 
relationships between internal nutrient concentration. 
6 
nutrient supply, and yields are determined at levels of other 
factors influencing these relationships. He discussed fac­
tors affecting the three relationships emphasized by Goodall 
and Gregory (1947), He also suggested that chemical composi­
tion of the plant may be useful for predicting yield responses 
to fertilizer, either used alone or along with soil tests. 
Critical Percentage 
Macy (1936), studying the relationship between yield and 
internal concentration of nutrients, discussed the existence 
of three distinct regions in the yield - internal nutrient 
concentration curvei the minimum percentage, poverty adjust­
ment, and luxury consumption regions. In the minimum per­
centage region, there is no relationship between yield and , 
internal concentration, for as yield increases rapidly, there 
is no change in the internal concentration of the nutrient. 
This region is found usually in situations of very severe 
nutrient deficiencies. In the region of poverty adjustment, 
the internal concentration increases as the yield continues 
to increase; whereas, in the luxury consumption region, the 
internal concentration continues to increase but the yield 
does not. Macy's concept, as he stated it, is that there is 
a critical percentage of each nutrient in each kind of plant 
or plant part above which there is luxury consumption. 
Other researchers who have defined the critical percent­
age in slightly different ways include Tyner (1947), Ulrich 
7 
(1952), Bennett et al. (1953), Smith (1962), Jones (1967), 
Ulrich and Hills (1967), and Bates (1971). In general, most 
of the definitions are in agreement with Macy's, except that 
some have defined the critical percentage as the concentra­
tion at some arbitrary percentage of maximum yield because 
of easier determination or economic interpretation of these 
nutrient concentrations. Others (Lundegardh, 1951; Dumenil, 
1961, 1967; Voss et al., 1970) have modified Macy's concept 
that other growth factors have little effect on the critical 
nutrient percentage except possibly in special instances. 
Their research showed that limiting growth factors, such as 
other nutrients, plant density, and weather, caused the 
critical percentages to vary over a moderate range; as the 
other limiting factors approached sufficiency, the critical 
percentages then approached the narrow range or point that 
Macy suggested. 
Methods for Determining Critical Percentages 
The three methods for determining critical nutrient 
percentages studied by Pierre et al. (1977a) were designated 
by them as the direct and two-step regression and graphical 
methods. 
Direct method 
With the direct method the yield is regressed on the 
curvilinear (quadratic) function of the nutrient concentra-
8 
tion, as suggested by Goodall and Gregory (1947). Bennett 
et al. (1953) were among the first to use this method, but 
they did not include a quadratic term in the regression model 
and, consequently, were not able to calculate the maximum 
corn yield. The maximum yield was calculated by the 
Mitscherlich equation; the critical N percentage of the leaf 
at 95% of maximum yield was then calculated by plotting the 
relative yield of each treatment mean against its correspond­
ing leaf N content. 
The usual way with the direct method is to determine 
first if the yield attains a maximum in the quadratic model; 
if so, the calculated internal concentration that corresponds 
to the maximum yield is the critical value. Viets et al. 
(1954), Dumenil (1961), Voss et al. (1970), dèMooy and Pesek 
(1971), Stanford and Hunter (1973), Powell and Webb (1974), 
Pierre et al. (1977a), and others have used this method to 
calculate critical values. 
Swanson et al. (1970) tested several curvilinear func­
tions to relate yield to the nutrient concentrations in the 
leaf, including the quadratic polynomial, square root trans­
formation of the quadratic function, some logarithmic trans­
formations, and a modification of the Mitscherlich equation. 
They found that the quadratic function gave the best fit to 
their data. 
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Two-step method 
This method, as described by Pierre et al. (1977a), re­
quires two regressions; both yield and concentration of the 
nutrient in a plant or plant part are regressed on the quad­
ratic function of fertilizer nutrient rates. From the first 
equation, the maximum yield is calculated; then, the rate of 
fertilizer corresponding to the maximum yield is substituted 
into the second equation to calculate the critical nutrient 
value. The first use of this method was by deMooy and Pesek 
(1971) as an alternative for the direct method. Pierre et al. 
(1977a) and Coffman (I98l) have used this method to calcu­
late critical nutrient values. 
Graphical method 
In this method, as proposed by Pierre et al. (1977a), 
the maximum yield is considered to be the highest yield that 
is significantly higher than the yield from the next lower 
nutrient rate in the fertilizer experiment and the critical 
nutrient value is considered to be the correspondent nutrient 
concentration. The results obtained with this method were 
found by Pierre et al. (1977a) to agree well with those ob­
tained by the two-step method. Recently, a slight modifica­
tion of this method was used by Coffman (l98l) and was found 
to be in slightly better agreement with the two-step method. 
10 
Corn Leaf Analysis 
Most of the studies on the critical N percentage of corn 
have been with leaf samples, and most workers have used 
samples of specific leaves taken at the time of the tasseling 
and silking period of growth, Tyner and Webb (1946) made one 
of the first investigations of the relationship between the 
N, P, and K composition of corn leaves and maximum yields 
from additions of these nutrients. They sampled the sixth 
leaf of the plant—the leaf immediately below the leaf in 
whose axil the uppermost ear emerges—at the time when the 
plant was in full tassel and silk. Corn leaves sampled at 
two-week intervals from two weeks before to four weeks after 
the full-tassel period showed large progressive decreases in 
N» P, and K percentages. On the basis of further studies, 
Tyner (1947) suggested a critical N percentage of 2.9%. He 
suggested studying the possible effects of various limiting 
growth factors—such as plant density, variety, and abnormal 
weather—on the critical N percentage. 
Bennett et al. (1953) determined the critical N percent­
age at 95% of maximum yield in eight field experiments by 
sampling the first leaf below and opposite the ear leaf at a 
growth stage ranging from full silking to soft dough and 
obtained critical N values ranging from 2.61% to 3,13%. 
Other investigators have obtained similar or even greater 
ranges in values due, in part, to the leaf sampled and time 
11 
of sampling. Viets et al. (1954) sampled the leaves from 
the second node below the upper ear shoot at the time of 
silking; Reichman et al. (1959) sampled the leaf from the 
sixth node from the base of the plant during pollination, and 
Fulton and Findley (1960) sampled the ear-shoot leaf at the 
time of silking. 
Dumenil (1958) sampled the leaf opposite and below the 
primary ear shoot of the corn plant at 75% silking when he 
initiated the leaf sampling program in Iowa in 1948. He 
suggested that standardization is necessary to obtain uniform 
results for prediction and diagnostic purposes. 
It was first suggested by Tyner (1947) and later veri­
fied by Dumenil (1961), Voss et al. (1970), and Bates (1971) 
that the effects of various growth factors on thé critical 
nutrient percentages of the plant or plant parts need to be 
studied. The limited specific information available regard­
ing these factors are probably due, in part, to the large 
amount of work required to get accurate maximum yield data 
and to study the environmental factors under field conditions. 
Dumenil (1961) studied the relationships between corn 
yields and the N and P contents of corn leaves in 93 fer­
tilizer experiments by multiple curvilinear regression. He 
found that the critical N and P percentages had a range of 
values depending on the level of the other nutrient in the 
leaf which was associated with the N and P fertilizer rates. 
At the absolute maximum yield, each critical N and P percent­
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age had a fixed value. At nutrient levels below those 
associated with maximum yield and with one nutrient fixed at 
various percentages, variations in the content of the other 
plant nutrient gave a series of maximum yields and associated 
critical N and P percentages. All of these were relative 
percentages of the absolute maximum yield and absolute 
critical N and P percentages obtained from a given set of 
experimental data. 
Voss et al. (1970) also studied the corn yield—N and P 
composition relationship as affected by selected management, 
soil, and climatic factors in 23 fertilizer experiments in 
western Iowa. Leaf nutrient concentrations at the predicted 
maximum yield and at 95% of maximum yield varied with past 
cropping, plant density, soil yielding potential (an index 
integrating the effect of many soil factors on estimated 
long-term soil productivity), and available soil moisture. 
They suggested that interpretation of leaf analyses should 
include consideration of soil, management, and climatic 
factors. 
Shaw (1974) stated that moisture stress is the major 
weather factor that causes yield reductions in Iowa. The 
above information suggests that a moisture stress variable 
should be included in thé study of critical nutrient concen­
trations in the corn grain and leaf. 
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Corn Grain Analysis 
Very little research has been done on the nutrient con­
tent of grain compared with that of leaves and vegetative 
parts of plants (Goodall and Gregory, 1947), One of the 
reasons why grain has received little attention in yield re­
lationship studies is that the range in chemical composition 
of grain is usually less than in the vegetative parts of 
plants. As indicated by Goodall and Gregory (1947), however, 
the accuracy of the chemical determination of the element 
may be more important than its range of values within the 
plant. 
Pierre et al. (1977a) suggested that the critical nutri­
ent concentration of corn grain may be more suitable for 
diagnostic work than that of leaves. As indicated by Ulrich 
(1952), the closer to the time of harvest a plant part can be 
sampled, the less the probabilities are that the intervening 
weather or other conditions will alter the yield - nutrient 
percentage relationship and the critical percentage. More­
over, as Pierre et al. (1977b) have suggested, the greatest 
potential advantage of corn grain over leaves for diagnostic 
work is that the time of sampling is not a critical factor; 
also, the sampling would be greatly simplified, especially 
for its practical application by farmers and others for 
diagnostic purposes. 
Barley and DeTurk (1948) concluded on the basis of their 
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investigation that the N content of corn grain at maximum 
yield with respect to N was an index of the N status of the 
soil. Furthermore, they concluded that a protein content 
above 9.5% (1.52% N) usually indicated sufficient available 
N for maximum yield of corn grain. 
Pierre et al. (1977a) determined the critical N per­
centages of corn grain obtained from 13 site-years of six 
N-rate experiments in Iowa. They also calculated the critical 
N. percentages from data of 24 N-rate experiments reported by 
investigators in four other states and one province in Canada. 
The critical N percentages calculated from the data reported 
by Stevenson and Baldwin (1969) in Ontario, Canada, were con­
sistently higher than those from the other experiments; and 
it was postulated that this may have been due to difference 
in hybrids. Later work by Russell and Pierre (1980) and 
Coffman (1981) showed that the critical N percentages for the 
single-cross hybrids they studied ranged from about 1.30% 
to 1.70%. The average critical N value for the eight experi­
ments from Ontario was 1.69%; whereas, that for the 13-site 
years of Iowa experiments was 1.54% and that for the 16 
experiments from other states was 1.57%. The values for the 
29 experiments from Iowa and other states ranged from 1.43% 
to 1.71% and they ranged from 1.52% to 1.71% in the five 
site-years where the same hybrid was used in Iowa. 
Pierre et al. (1977a) believed that some of the varia­
bility was due to the limitations of the field data, but they 
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recognized that other growth factors may have affected the 
critical N percentages. They considered the possible effects 
of droughts, plant density, and the insufficiency of other 
nutrients; they could not identify these as causative factors 
on the basis of the very limited amount of experimental data 
available. The critical N values calculated from data in a 
drought year reported by Ohlrogge et al. (1943) tended to be 
high. Data by Flynn.et al. (1957), however, showed no con­
sistent effect of two hot, dry seasons on the critical N per­
centage of corn grain compared with that of a good season. 
As pointed out by Pierre et al. (1977a), it is difficult to 
get accurate maximum yield and critical N data when yields 
and yield responses are low and luxury N consumption is 
high, as is common in drought years. 
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Barley and DeTurk (1948) found that the two major 
factors causing a decrease in the protein content of corn 
were a decrease in available N and an increase in planting 
rates or plant density. They concluded, however, that in­
creased plant density decreased N percentage only when the 
soil N was inadequate for obtaining maximum yield of grain at 
the higher planting rates. Data by Zuber et al. (1954) 
showed no significant decrease in critical N percentage with 
increasing plant density (Pierre et al., 1977a). 
The two nutrient elements that occur with N in proteins 
and could most readily affect critical N values are P and S. 
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Phosphorus is of particular interest, for it is one of the 
three elements (N, P, and K) found to be deficient in many 
soils. No data on the effect of F on the critical N concen­
tration of corn grain have been reported in the literature 
except some by Carter (1950). His data from an unreplicated 
test showed no effect of high rates of P fertilizer on 
critical N, but only slight increases in yield were obtained 
from P fertilizer. 
Rabuffetti and Kamprath (1977) reported a significant in­
teraction between N and S fertilizer on N concentration of 
corn grain in two experiments in North Carolina; critical N 
percentage of the grain appeared to be affected by S defi­
ciency. The results of Eppendorfer (1969) on the effect of 
rates of N and S on barley appeared to show no effect of S 
on the critical N concentration of either the grain or straw, 
even though they found a positive interaction between N and 
S on dry matter yield. 
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PLANS AND PROCEDURES 
Description of the Experiments 
The experiments used for this research were long-term 
experiments at four research centers ; they were conducted 
under the supervision of the Soil Fertility Group, Agronomy 
Department, Iowa State University. 
Clarion-Webster Research Center 
The research center is located near Kanawha, Hancock 
County, in northcentral Iowa. The experiments were located 
on level Webster silty clay loam (Typic Haplaquoll). 
Rates of N and K The objective of this experiment, 
started in 1967 and ended in 1975, was to study the effects 
of N and K fertilizers on the yield of continuous corn. The 
experimental design was a randomized block 5 NK factorial; 
the 25 treatments were replicated three times. The N levels 
(from NH^NOg) were 0, 45, 90, 179, and 358 kg N/ha. The K 
levels (from KCl) were 0, 45, 90, 179, and 358 kg K/ha. A 
basic application of P fertilizer varying from 29 to 39 kg P/ 
ha was applied to all plots each year. Hybrids planted were 
DeKalb XL45 in 1967-70, DeKalb XL44 in 1971-73, and Pioneer 
3780 in 1974. 
From 1967 through 1973, leaves were sampled on the same 
day and at the time when the corn in most plots was about 
75% silked. The sampled leaf was the first leaf below and 
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opposite the primary ear leaf. The leaf samples were 
analyzed for total N, P, and K, Data from all years were 
used to study the critical N and K percentages in the corn 
leaf. Grain samples taken at harvest in 1974 were analyzed 
for total N, which was used to study the critical N percent­
age of the grain. 
Rates of N The rotation and N fertilizer rates ex­
periment at the Clarion-Webster Research Center was started 
in 1954 and has been continued to the present. The experi­
mental design is a split-plot, randomized block, with seven 
rotation treatments replicated four times. Each experimental 
plot was subdivided into four subplots for the four N fer­
tilizer treatments. 
The experiment was designed to study the effect of seven 
different rotations and four N levels on corn yield. Only 
data from the two plots in each block that were in continuous 
corn were used for this study. Four levels of spring-applied 
N fertilizer, 0, 67, 134, and 201 kg N/ha,were replicated 
eight times. The source of N in 1979 was urea. A basic ap­
plication of 29 kg P/ha and 37 kg K/ha was applied to all 
plots each year. Grain as well as leaf samples were taken in 
1979 to study the critical N percentages of the leaf and 
grain. 
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Galva-Primahar Research Center 
The research center is located near Sutherland, O'Brien 
County, in northwest Iowa. 
Rates of N The rotation and N fertilizer rates 
experiment was begun in 1957 and has been continued to the 
present time. The soil where the experiment is located de­
veloped from moderately deep loess under prairie vegetation 
on a gentle slope and is classified as a Galva silty clay 
loam (Typic Hapludoll). The experimental design was a split-
plot, randomized block with six rotation treatments repli­
cated four times. Each experimental plot was subdivided 
into four subplots for the four N fertilizer treatments. 
The experiment was designed to study the effect of six 
different rotations and four N levels on corn yield. Only 
data from the two plots per block used for the continuous 
corn rotation were used in this study. Four levels of N 
fertilizer (from NH^NOg) of 0, 45, 90, and 134 kg N/ha thus 
were considered to be replicated eight times. A basic appli­
cation of 39 kg P/ha was applied to all plots each year. 
The corn grain and leaf samples taken in different years 
from this experiment are shown in Table 1. 
Rates of N and P The N and P rates experiment, using 
a three-year rotation, was begun in 1957 and has been con­
tinued to the present time. The soil where the experiment 
is located was derived from deep loess under prairie vegeta-
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Table 1. Plant samples taken from the N and NP rates ex­
periments and the hybrids grown at the GPRC 
Plant samples taken and 
nutrients analyzed 
EXPNO 
and 
YEAR 
Grain 
EXPT N 
Leaf at, 
silking' 
N P Hybrid^ 
39-67 N rates X Pioneer 3558 
6-72 X Burts A239 
7-73 X Burts A239 
8-74 X Burts À239 
9-75 X X Curtiss A239 
10-76 X X Curtiss A239 
11-77 X X Curtiss A239 
12-78 X X Curtiss A239 
13-79 X X Pioneer 3780 
14-75 NP rates X X X X Curtiss A239 
15-76 X X X X Curtiss A239 
16-77 X X X X Curtiss A239 
17-78 X X X X Curtiss A239 
18-79 X X X X Curtiss A239 
The leaves were sampled when the N plots averaged 
about 75% silked. A second set of samples was taken in 1975 
and 1976 when the no-N plots were about 75% silked for de­
termination of N in the N rates experiment and of N and P 
in the NP experiment. 
^Burts A239 and Curtiss A239 were of the same parentage. 
tion on a relatively level slope with somewhat poor drainage; 
it is classified as Primghar silty clay loam (Aquic Haplu-
doll). The experiment was divided into three phases (A, B, 
and C). Initially, the rotation was corn-corn-oats, but it 
was changed to corn-corn-soybeans in 1971 and the levels of 
N and P fertilizers also were modified. In 1975 at the 
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beginning of this study, first-year corn, soybeans and 
second-year corn were planted in Phases A, B, and C, respec­
tively. Only data from the corn crops were used in this 
study. 
2 The experimental design was a randomized block, 4 
factorial except that the Pq treatment was omitted. 
The N fertilizer (from NH^NOg) was applied for both corn 
crops, but P fertilizer (from concentrated superphosphate) 
was applied only for the first-year corn crop. No fertilizer 
was applied for soybeans. Levels of N were 0, 56, 112, and 
168 kg N/ha and levels of P were 0, 34, 67, and 101 kg P/ha 
in all combinations except that space did not permit having 
a Pq treatment. No K was applied. The 15 treatments 
were replicated twice. The plant samples collected and used 
from this experiment and the hybrids grown are shown in 
Table 1. 
Moody Research Center 
The research center is located near Doon in Lyon County 
in the northwest corner of the state. The soil where both 
experiments are located developed from deep loess under 
prairie vegetation and has a slope of 2 to 3%, It is classi­
fied as Moody silty clay loam (Udic Haplustoll). 
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Rates of ^  and stand levels This continuous corn 
experiment vas begun in 1956 and has been continued to the 
present. The experiment was designed to study the effects 
of N fertilizer interacting with plant density on corn yield. 
No leaf or grain samples were taken from the plots with 
19800 plants/ha. The experimental design, due to deletion 
of treatments with the lowest plant density, was a 4 x 3 
N X stand level factorial in a randomized block replicated 
three times. The N fertilizer levels (from NH^NO^) were 0, 
56, 112, and 168 kg N/ha. The plant density levels were 
29700, 39500, and 49400 plants/ha, but only plants from 1 or 
2 stand levels were sampled in some years. Split-plot treat­
ments were early and adapted hybrids. Only the adapted 
variety was sampled in all years except in 1974 when both 
were sampled. A basic application of 29 kg P/ha was applied 
to all plots each year. The plant samples collected from 
this experiment, stand levels used, and hybrids planted in 
the various years are shown in Table 2. 
Rates of N and P This experiment had the same design 
and levels of N and P fertilizers as the one at the Galva-
Primghar Research Center. The experiment was started in 
1956. The only data from this experiment were for grain 
samples taken in 1979 from Phases B and C, which were in 
second-year and first-year corn, respectively. No K was 
applied; Pioneer 3709 was the hybrid planted in 1979. 
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Table 2. Plant samples taken from the N rates and stand 
levels experiment and the hybrids grown at the MRC 
EXPNO 
and 
YEAR 
Stand 
(plants/ 
0.01 ha) 
Plant 
GRAIN 
samples 
LEAVES^ Hybrids^ 
33-72 395 X Burts A239 
34-73 395 X Burts A239 
35-74E^ 297 X Moew SM220 
395 X 
494 X 
19-74 297 X Burts A239 
395 X X 
494 X 
20-76 297 X Curtiss À239 
395 X X 
21-77 294 X X Curtiss À239 
395 X X 
494 X X 
22-78 297 X Curtiss A239 
395 X X 
494 X 
23-79 297 X X Pioneer 3709 
395 X X 
494 X X 
The leaves were sampled when the N plots averaged 
about 75% silked. A second set of samples were taken in 
1976 when the no-N plots were about 75% silked for determina­
tion of N. 
"h 
Burts A239 and Curtiss A239 were of the same parentage, 
designates the early variety which was sampled only 
in 1974. 
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Old Agronomy Farm 
This farm is located south of Ames in Story County in 
central Iowa. The experiment was located mostly on a Nicol­
let silty loam (Aquic Hapludoll). The continuous corn ex­
periment was begun in 1915; it was retained after all other 
field research was moved to the Agronomy and Agricultural 
Engineering Research Center west of Ames. The experiment was 
greatly revised in 1952 as described by Englehorn et al. 
(1964). 
The present experimental design is a 4 x 2 N*PK fac­
torial. From 1972 to 1976, the levels of N fertilizer (from 
NH^NOg) were 0, 45, 90, and 179 kg N/ha and the levels of 
the PK fertilizer combination (from concentrated superphos­
phate and KCl) were 0 and 67 kg/ha each of P and K. The 
eight treatments were replicated four times. In 1977, the N 
level was increased to 269 kg N/ha on the plots that formerly 
had received 45 kg N/ha per year. The plant composition 
data from the various years used in this study are shown in 
Table 3. 
Field Observations 
All field data were collected by the personnel of the 
research centers. Yields were determined by hand harvesting 
each plot. The corn from each plot was shelled, the shelled 
corn was weighed, and a grain sample was taken for determina-
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Table 3. Plant samples taken from the N*PK rates experi­
ment and the hybrids grown at the OAF 
YEAR^ 
Nutrients analyzed 
arain samples 
N P 
in 
K Hybrid 
37-72 X Pioneer 3570 
38-73 X 3570 
36-74 X 3780 
25-75 X X X 3780 
26-76 X X 3780 
27-78 X X X 3780 
28-79^ X X X 3780 
^No samples were taken in 1977 which was an extreme 
drought year. 
^Leaf samples were also taken in 1979. 
tion of moisture and chemical analysis. In a few years, the 
corn was machine harvested (combined). All yields were 
adjusted to No. 2 corn at 15,5% grain moisture. At harvest, 
the total stalks, ears, barren plants, and two-eared plants 
from each plot were recorded from which the data on plant 
density and percentage of barren plants were computed. The 
75% silking date for each plot was determined by silk emer­
gence counts at silking time by the research center personnel 
for all experiments where leaves were sampled. Unless other­
wise noted in Tables 1-3, the leaves were sampled when ap­
proximately 75% of the plants from the N plots had silk 
emergence. 
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Moisture Stress Index 
The moisture stress index used in this study was de­
veloped by Dale and Shaw (1965) and modified by Shaw (1974). 
It is based on the principle that a stress condition for the 
corn crop develops when an imbalance occurs between two 
factors, available soil moisture and atmospheric demand for 
water. It also considers that stress in different stages of 
development will differentially affect yields. It is com­
puted for each day from the equations Stress = 1 - ET/ETP, 
where ET and ETP are actual and potential évapotranspiration, 
respectively. If the soil moisture supply can meet the at­
mospheric demand for water, the ET is equal to ETP and the 
stress for the day is zero. If no ET occurs because of lack 
of soil moisture, the stress for the day is the maximum 
value of 1.0, On days when ET is reduced because the avail­
able soil moisture to the plant cannot meet the atmospheric 
demand for water, the stress value is between 0 and 1. 
The daily stresses are summed over five-day periods 
from 40 days before to 45 days after the 75% silking date of 
the corn. The value of each period is weighted depending on 
its stage of plant development. Stress days prior to and 
during the silking period are weighted more heavily (multi­
plied by a larger factor) than those early or late in the 
growing season. The total degree of stress or stress index 
is computed by adding the weighted values from the 8 periods 
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before and the 9 periods after the 75% silking date over a 
total of 85 days. 
The moisture stress index for each five-day period for 
each of the experiments and years are given in Appendix Table 
Bl. The index values were obtained from Dr. R. H. Shaw 
(Department of Agronomy, Iowa State University, unpublished 
data) who has computed the indexes at the research centers 
for each year. 
Plant Analysis 
The plant analysis methods were a revised version of the 
procedure outlined by Hianway (1962). The finely ground grain 
or leaf material was oven-dried at 6S°C for 24 hours. For 
the digestion, a 0,5 g sample was put into a 100-ml volu­
metric flask containing a small quantity of Cu catalyst and 
10 ml of HgSO^. The mixture was digested on a hot plate by 
boiling until digestion was completed. It then was brought 
to volume with distilled water. 
Modifications were made in 1977. In the revised proce­
dure, 0.25 g was weighed into a 73-ml digestion tube contain­
ing about 1.8 g of a salt-catalyst mixture (100 g NagSO^, 
10 g CuS0^'5H20, and 1 g Se) and 5 ml of concentrated HgSO^. 
The mixture was digested by heating in an electrically heated 
aluminum digestor block until digestion was completed (365°C 
for 3 hours) and then brought to volume with distilled water. 
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as suggested by Nelson and Sommers (1973). 
Total N was determined by steam distillation of a 5-ml 
aliquot of the digest and 5 ml of 5N NaOH solution. The dis­
tillate was collected in boric acid indicator solution and 
titrated with standard HgSO^ (Bremner and Keeney* 1965). 
Total P was determined by a vanado-molybdate procedure, 
as described by Jackson (1964). A 5-ml aliquot of the digest 
and 25 ml of the vanado-molybdate solution were mixed 
thoroughly. After 60 minutes, the amount of yellow color 
developed was measured in a Klett-Summerson photoelectric 
colorimeter, using a 420 mu filter. 
K was determined with an IL 143 flame photometer using 
Li as an internal standard (Hanway, 1962). All determina­
tions were made in duplicate. 
Statistical Analysis 
The field and laboratory data from the fertilizer ex­
periments previously described were used as variables in this 
study. The symbols, identification of the experiments and 
treatments, descriptions of the variables, original units of 
the variables, transformations of the variables for some 
statistical analysis, and coding of the variables are pre­
sented in Table 4. This table also shows the location of the 
variable data on the data cards that were used for all com­
putations and statistical analyses. 
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Table 4. Symbols, location on the data card, description, 
units, and coding of the variables, Card 1 
Column 
Symbol no. Identification or variable description 
CARD 1 Card no. = 1 
EXPNO 2-3 Expt, number, coded 01 to 39, as follows: 
01-04 Clarion-Webster Research Center 
(CWRC), NK rates, 1967, 1968, 
1973, and 1974, respectively 
05 CWRC, N rates, fall vs spring, 
1979 
06-08 Galva-Primghar Research Center 
(GPRC), N rates, grain vs silage, 
1972 to 1974, respectively 
09-13 GPRC, N rates, 1975-1979, resp. 
14-18 GPRC, NP rates, 1st vs 2nd-year 
corn, 1975-1979, resp. 
19-23 Moody Research Center (MRC), N 
rates and stand levels, 1974 and 
1976-1979, resp. 
24 MRC, NP rates, 1st and 2nd-year 
corn, 1979 
25-28 Old Agronomy Farm (OAF), N*PK 
rates, 1975, 1976, 1978, 1979, 
resp. 
29-32 CWRC, NK rates, 1969 to 1972, 
resp. 
33-34 MRC, N rates and stand levels, 
1972 and 1973, resp. 
35 MRC, N rates and stand levels, 
early maturity corn, 1974 
36 OAF, N*PK rates, 1974 
37-38 OAF, N*PK rates, 1972-1973, resp. 
39 GPRC, N rates, 1967 
4 Experimental farm, coded: 1=CWRC, 2=GPRC, 
3=MRC, and 4=OAF 
5 Type of experiment, coded: 1=N rates, 2= 
NP rates, 3=N*PK rates, and 4=NK rates 
6-7 Year data obtained, last two digits used 
8 Corn in rotation, coded: l=lst year, 2= 
2nd year, and 3=continuous corn 
FARM 
EXPT 
YEAR 
ROT 
^If no data were available for the variable, zeros were 
punched in the columns for the variable listed. 
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Table 4. (Cont inued) 
Symbol 
Column 
no. Identification or variable description 
HARV 9 Objective of harvest, coded: l=grain and 
, 2=silage 
NTIME 10 Time of N application, coded: l=fall and 
2=spring 
REP 11 Replication number 
TMTNO 12-13 Treatment number as listed in the experi­
mental plan of each experiment 
NFERT 14-16 Rate of N fertilizer, lb N/acre, later 
transformed to kg N/ha 
PFERT 17-19 Rate of P fertilizer, lb P/acre, later 
transformed to kg P/ha 
KFERT 20-22 Rate of K fertilizer, lb K/acre, later 
transformed to kg K/ha 
STAND 23-25 Stand level in the N rates and stand 
levels experiment, MRC, listed as plants/ 
O.Ol acre, later transformed to plants/ 
O.Ol ha, listed as 0 in all others 
YIELD 26-28 Plot yield in bu/acre of No. 2 (15.5% 
moisture) shelled corn, listed as nearest 
whole bushel, later transformed to q/ha 
PLDEN 29-31 Plant density at harvest, listed as plants/ 
0.01 acre, later transformed to plants/ 
0.01 ha 
BARR 32-33 Percentage of barren stalks, listed as 
nearest percent 
SLKDATE 34-35 Date when 75% silked, coded: days after 
June 30 
NCR 36-38 Grain N content, listed as % N*100 
PGR 39-41 Grain P content, listed as % P*1000 
KGR 42-44 Grain K content, listed as % K*100 
NLl 45-47 Leaf N content, first sampling, listed as 
% N*100 
PLl 48-50 Leaf P content, first sampling, listed as . 
% P*1000 
KLl 51-53 Leaf K content, first sampling, listed as 
% K*100 
^Variables were not included in the study. 
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Table 4. (Continued) 
Column 
Symbol no. Identification or variable description 
54-55 . Leaf sampling date or first leaf sampling 
if sampled twice, coded: days after 
June 30 
56-58 Leaf N content, second sampling, listed 
as % N*100 
59-61 Leaf P content, second sampling, listed 
as % P*1000 
62-63 Second leaf sampling date, coded: days 
after June 30 
Some variables, such as plant composition data, were 
coded to have values of similar magnitude, mainly for the re­
gression analysis. This prevents the regression coefficients 
from ranging from very large to very small values and the 
loss of significant digits from some regression coefficients. 
The regression coefficients thus are coded. The final results 
relating to the critical percentages are presented as decoded 
values. 
Residual analysis for detection of outliers 
In most experiments, some observations deviate consider­
ably from the values in the other replications. These 
deviants or outliers thus alter the treatment means and 
change, to a varying degree, the computed trends in single-
variable rate experiments or contribute to unexpected inter-
LFDATEl 
NL2 
PL2 
LFDATE2 
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actions in multivariable rate experiments. The outliers 
frequently increase the variance or error of the experiment 
markedly. If the reason for the outlier can be identified, 
such as damage from cultivation, a poorly drained spot in the 
experimental area, or a probable error in fertilizer applica­
tion, the deviant observation is deleted and its value is 
computed by the missing-plot formula. Deletion of suspected 
outliers by subjective inspection of the data may introduce 
some to considerable bias in the results. 
An unbiased method used in this study to detect outliers 
was described by Cook (1977). The calculations were made us­
ing Procedure BMD, SAS (l979). The level of significance 
used in the detection of the outliers was 10%. In some ex­
periments with a small number of observations, the level of 
significance was increased to 20%. These outliers then were 
deleted from all statistical calculations in this study. 
Analysis of variance 
An analysis of variance of corn yields from each experi­
ment was computed to estimate the variance which was used 
to compute the least significant difference (LSD). The LSD 
value was used to compare mean corn yields of the fertilizer 
treatments which was needed for estimating critical nutrient 
percentages by the graphical method. 
The analyses of variance of corn yields were run using 
Procedure ANOVA, SAS (1979). The same analyses were run for 
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the NGR, PGR, KGR, NLl, NL2, PLl, PL2, and KLl variables in 
each experiment, if the information was available. Combined 
analyses of variance of yields from similar experiments over 
years and locations were not run due to the partial utiliza­
tion of the data from some experiments and incomplete plant 
analysis data in some years. 
Multiple regression analysis 
Multiple regression analysis was used to predict yields, 
nutrient concentrations, and critical nutrient values in the 
individual experiments. For combinations of similar experi­
ments over years and locations, the moisture stress index 
variable was included in the regression analysis. 
For individual experiments, yield and concentration of 
one nutrient were regressed on the quadratic function or func­
tions of rates of one or two fertilizer nutrients and their 
possible interaction. Also, yield was regressed on the quad: 
ratic function of one nutrient concentration in the initial 
part of this study. 
The general form of the regression model for the quad­
ratic function of one variable^ is* 
Y = bo + biXi + , (1) 
"Variable" will refer to a factor under study whose ef­
fect in the regression model and analysis may be a function 
of one or more variates or terms (X.). "Variate" will refer 
to a single term included in the multiple regression model 
and analysis. 
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where Y is the dependent variable, is the independent 
variable, bg is the intercept, and b^ and b^^ are the regres­
sion coefficients of the linear and squared variates (X^ and 
X^^) of the X^ variable. 
The form of the regression model for quadratic func­
tions of two variables and their interaction is: 
Y = bo + + bgXg + b^]^x/ + + b^gX^Xg , (2) 
where Xg is thé second independent variable, b^ and bgg are 
the regression coefficients of the linear and squared vari-
ates (Xg and Xg ) of the Xg variable, and b^g is the regres­
sion coefficient of the X^X2 interaction variate between the 
X^ and Xg variables. 
For more than two variables in the regression model, the 
form for the quadratic functions of the variables plus 
linear*linear interactions between the variables is: 
Y = bn + b.X. + b.X.^ + b.X.X. , (3) V i i i J .  J . . L J L  
where Xj^ are the independent variables of X^ to X^ and b^ 
are the regression coefficients of the respective linear, 
squared, and interaction variates in the regression model. 
For the combined analysis of experiments over years and 
locations, the model selection procedure that was used in 
most of the cases was the stepwise forward selection (SAS, 
1979), Because of the limited number of experiments, the 
number of variables that could be used to account for differ­
ences among years and locations was limited in order not to 
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overdefine or overload the regression model. In an over-
defined or overloaded model, distortion of the regression 
coefficients occur, the R value is inflated, and the equa­
tion is risky to use for prediction purposes outside of the 
range of the observations (Casanova, 1979). 
Special attention also was given to problems of inter-
correlation (Pena-Olvera, 1979). Because relatively few 
variables were used, only the simple correlation coefficients 
between variables were inspected. Alternate models were run 
with the correlated variables together and alternately de-
leted. The R -values of the regressions and t-values of the 
regression coefficients were used to select the better alter­
nate model. Pena-Olvera (1979) discussed a comprehensive 
method to detect intercorrelation in a more complex situation 
with many variables involved. 
For some models, the dependent variable was coded around 
the means. This was done to decrease the instability of some 
of the regression coefficients during the selection model 
process. 
The R^ (determination coefficient) was computed for all 
models and used as one of the criteria for model selection. 
It shows how much of the total variance is explained by the 
terms in the selected model. 
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Methods of calculating critical percentage 
Three different methods for estimating the critical 
nutrient percentage were used in this study. Two of the 
methods involved multiple (curvilinear) regression analyses 
of the yield, nutrient concentration, and fertilizer rate data. 
These were called the direct and two-step methods (Pierre et 
al., 1977a). In the third method, the graphical method, the 
nutrient concentration at the highest significantly differ­
ent yield or yields was considered to be the critical per­
centage (Pierre et al., 1977a). 
Direct method In the direct regression method, yieM 
was regressed directly on the quadratic function of the con­
centration of the nutrient using equation 1. It is based on 
the curvilinear relationship between yield and the concentra­
tion of a nutrient in a plant part at a defined stage of 
plant growth (Goodall and Gregory, 1947; Bennett et al., 1953; 
Dumenil, 1958, 1961), In this study, the direct method was 
used only to calculate the critical N percentages in the corn 
grain and leaves. 
By definition, the critical percentage of a nutrient is 
the concentration in the plant associated with maximum yield. 
From the quadratic function of yield on the nutrient concentra­
tion, the maximum or minimum yield occurs where the slope of 
the function is equal to 0. The first derivative of equation 
1 with respect to defines the slope of the function, or 
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the rate of change in yield (Y) as (N concentration) 
changes, as follows» 
dY/dX^ = . (4) 
The derivative or slope in equation 4 is set equal to 0 and 
solved for as follows» 
X^ = -h^/2h^^ , (5) 
and X^ then is the concentration of N at maximum or minimum 
yield. 
From the second derivative of equation 4, 
d^Y/dX^^ = , (6) 
the sign of the derivative defines whether the function has 
a maximum or minimum. It is maximum if the sign is negative. 
If X^ in equation 5 is at the maximum yield, the N concentra­
tion is the calculated critical percentage. If X^ is at the 
minimum yield, the critical N concentration cannot be cal­
culated by the direct method. Substituting the value of X^ 
from equation 5 into equation 1, the maximum yield is 
calculated. 
Two-step method Because the direct regression method 
frequently failed to give realistic estimates of the critical 
nutrient percentage, a two-step regression method was derived 
to compute the critical nutrient levels (deMooy and Pesek, 
1971; Pierre et al., 1977a). In the first step of the two-
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step method, both yield and nutrient concentration are re­
gressed on the quadratic function of the fertilizer rate. 
In the second step, the nutrient rate associated with maxi­
mum yield, calculated from the yield regression, is substi­
tuted into the nutrient concentration regression to calculate 
the critical nutrient percentage. Many investigators have 
expressed mathematically the curvilinear relationship between 
fertilizer rates and both yield and nutrient concentration 
in the plant. 
The regression of yield on fertilizer rates is important 
because the yield function must have a maximum yield to cal­
culate the critical nutrient percentage. The second regres­
sion of the nutrient concentration must only show an increas­
ing nutrient concentration with increasing fertilizer rates. 
For one variable, the regressions (from equation l) are as 
follows: 
Y = bg + b^X^ + and (7) 
n = bp + , (8) 
where Y and n are yield and the nutrient concentration, re­
spectively, is the fertilizer rate, bg is the intercept, 
and b^ and b^^ are the regression coefficients of the linear 
and squared variates of X^. 
As was described in equations 4 to 6, the first deriva­
tive of equation 7 is set equal to 0 and solved for X^, which 
is the fertilizer rate that gives maximum yield. In the 
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second step of the two-step method, the value of this 
fertilizer rate is then substituted into equation 8 to cal­
culate the critical nutrient level and also into equation 7 
to calculate the maximum yield. 
For two nutrients. Heady et al. (l955) were among the 
first to express yield as a curvilinear function of both 
fertilizer nutrients plus a linear by linear interaction term . 
Dumenil (1958) related yield to the quadratic functions of N 
and P concentrations in the corn leaf plus their interaction. 
For two variables the regressions (from equation 2) are as 
follows: 
where n^ and ng are the concentrations of the first and 
second nutrient, Xg is the second independent variable, bg 
and bgg are the regression coefficients of the linear and 
squared variates of the Xg variable, and b^2 is the regres­
sion coefficient of the interaction variate. 
Critical nutrient percentages were calculated by two 
different methods. First, one independent variable was held 
at a fixed level and the critical percentage for the other 
plant nutrient was computed. Equations 9 and 10 were simpli­
fied at a fixed level of the second independent variable as 
and 
(10) 
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follows: 
and 
(12) 
After the terms in equations 11 and 12 were combined, they 
were the same as equations 7 and 8 and the remaining steps to 
calculate the critical percentage or percentages were the 
same as described previously. 
In the second method, the critical percentage is computed 
at the maximum yield obtained from both variables in equation 
9J both variables must give a maximum for computation of the 
critical nutrient percentage or percentages. From the quad­
ratic function (response surface) of yield on levels of two 
variables (fertilizer nutrients, for example), the maximum 
or minimum yield occurs where the plane tangent to the surface 
is parallel to the plane defined by the and Xg axes. The 
system of linear equations computed by the partial deriva­
tives of equation 9 with respect to X^ and Xg defines the 
plane tangent to the response surface, or how yield changes 
as X^ and X^ change as follows: 
If equations 13 and 14 are set equal to 0, the plane 
defined by the system is going to be parallel to the X^^ and 
dY/dX^ = b^ + 2b^^Xj^ + b^gXg and (13) 
dY/dXg = bg + ZbggXg + b^z^l (14) 
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Xg axes; these are then solved for and Xg simultaneously 
as followst 
Xi = (^^1^22 ~ ^2^12 ^12 " '^^11^22^ ^nd (15) 
^2 " ^ ^^2^11 ~ ^ 1^12^"^^^12 ~ "^^11^22^ • 
The and Xg values then are the levels of the two variables 
(fertilizer nutrients) that give the maximum or minimum yield 
on the response surface. 
Usually inspection of equation 9 or computed values in 
equations 15 and 16 will reveal if both X^ and Xg are at 
levels that give maximum yield. The following test also can 
be made (Stein, 1977)» by definition, yield is maximum for 
both variables only when 
d^Y/dX^^ < 0 , (17) 
d^Y/dXg^ < 0 , and (18) 
d^Y/dX^Xg < (d^Y/dX^^*d^Y/dX^^) . (19) 
If any of these tests is different, the response surface has 
a mini-max or a minimum for both variables. These effects 
are not usually found in two-variable fertilizer rate 
experiments. 
If both variables are associated with a maximum yield, 
the values of X^ and Xg from equation 15 and 16 are substi­
tuted into equation 9 to compute the maximum yield and into 
equation 10 to compute the critical nutrient percentages. 
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Graphical method The graphical method used to de­
termine the critical nutrient percentage was originally de­
veloped by Pierre et al. (1977a) and slightly modified by 
Coffman (1981). With this method, the critical nutrient 
concentration is defined as the content of that element 
associated with the highest yield of the experiment if it is 
significantly higher at the 10% level than the yields from 
either of the two preceding increments of the nutrient 
applied. If the highest yield is not significantly higher 
at the 10% level than those of the two preceding increments, 
the nutrient content of the highest yield and the preceding 
increment are averaged to give the critical nutrient per­
centage. The maximum yield is the average of the two yields 
from the two fertilizer increments involved. 
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PART I. METHODOLOGY 
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INTRODUCTION 
Critical percentage of an element in the plant has 
been defined several ways. Macy (1936) defined it as a 
transition from "the poverty adjustment" to the "luxury 
consumption" region. Ulrich (1952) defined it as that nar­
row range of concentration in the plant at which growth rate 
or yield first begins to decline in comparison to plants at 
a higher nutrient level. Tyner (1947) has defined it as that 
concentration which is just adequate for maximum growth. 
Dumenil (1961, 1967) defined it as the nutrient content 
associated with the maximum yield with respect to that par­
ticular nutrient; he also defined an optimum nutrient per­
centage as the nutrient level associated with the economic 
optimum (most profitable) yield level. More recently. Bates 
(1971) defined it as the concentration of a nutrient or 
nutrient fraction within the plant, or in some plant part, 
below which growth or crop yield is restricted. 
The definition of the critical nutrient percentage in 
this study agrees generally with those given previously and 
is I Critical percentage of an element is its concentration 
in a plant or specific plant part that reflects its nutri­
tional status, in a well-defined period of growth, and in a 
situation that the plant is yielding its maximum as a func­
tion of this same element used as a fertilizer. In short, 
the critical nutrient percentage is the nutrient concentration 
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associated with maximum yield with respect to the nutrient. 
The final part of the definition of critical nutrient 
percentage involves the concept of maximum yield. This maxi­
mum yield is not the theoretical maximum yield of the crop 
that would occur if all variables were at their optimum 
levels. Instead, the maximum yield is the one for the 
nutrient element or elements under study in an experiment or 
group of experiments at the levels of agronomic technology 
used and for the environmental and weather factors that 
occurred in the year or years that the corn crop was grown. 
The relationship between maximum yield and the concen­
tration of an element of a plant part may be affected by sev­
eral factorsè One of these relates to the methods of esti­
mating maximum yield and the associated nutrient concentration 
from the experimental data. Other factors are the time of 
sampling, the particular plant part sampled, and the growth 
stage. Several other factors that may also affect the 
critical percentage of a particular nutrient are management 
factors (levels of other nutrients, plant density, and hybrid 
variety) and environmental factors (insect and disease in­
festations and, primarily, weather). 
The factors influencing the critical nutrient percentage 
that will be studied in this part of the study are: (1) the 
comparison of the experimental methods for estimating the 
critical N percentage of the corn grain and leaf and (2) the 
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effect of time of corn leaf sampling on the N percentage and 
critical N percentage. 
Several methods for calculating the maximum yield and 
the associated concentration of N or critical N percentage in 
the corn grain and leaf were described by Pierre et al. 
(1977a). These are the direct and two-step multiple regres­
sions, utilizing quadratic functions to describe the curvi­
linear relationships, and the graphical method. These meth­
ods will be described,later. Other mathematical functions 
can be used to fit the curvilinear yield - nutrient concentra­
tion relationships but these were not investigated in this 
study. 
Swanson et al. (1970) tested several curvilinear func­
tions to relate yield to nutrient concentrations in the leaf, 
including the quadratic polynomial, the square root trans­
formation of the quadratic polynomial, some logarithmic 
transformations of traditional growth functions, and a modi­
fication of the Mitscherlich equation to include several in­
dependent exponential variables and a polynomial component. 
They found that the quadratic function gave the best fit to 
their data. 
The part of the corn plant that is usually sampled to 
determine the yield - nutrient concentration relationship is 
the first leaf opposite and below the primary (top) ear shoot 
(Tyner, 1947; Dumenil, 1968; Swanson et al., 1970). 
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The time of sampling of corn leaves may also be impor­
tant (Tyner and Webb, 1946), To be more specific, Dumenil 
(1958) suggested that corn leaves should be sampled when 75% 
of the plants have silk emergence, a precise morphological 
stage of growth. After this stage, accumulation of dry 
matter and nutrients in the developing ear is rapid. Changes 
in nutrient concentrations occur during the tasseling, ear 
shoot elongation, silk emergence, and early kernel growth 
stages. If corn leaves are sampled several days before or 
after the 75% silking date, the yield - nutrient concentration 
relationship and estimated critical nutrient percentages may 
vary significantly. This effect may explain differences in 
critical N percentages of corn leaves reported in the literar 
ture (Bennett et al,, 1953; Viets et al,, 1954; Reichman 
et al., 1959; Fulton and Fihdlay, 1960), 
If fertilizer treatments affect the 75% silking date, a 
decision must be made when to leaf sample the corn in the 
experiment. The usual practice is to sample all plots when 
most of the plots are about 75% silked, although the corn 
from the lowest fertility treatments may be much less than 
75% silked. An alternative sampling procedure is to leaf 
sample the corn in each plot on the day it reaches the 75% 
silking stage. Disadvantages of this procedure are the extra 
time and cost involved and the risk of having a large rain 
occurring within the sampling period, particularly if some 
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moisture stress has occurred. 
In the first procedure, there is no way of adjusting 
the leaf nutrient contents of each treatment to its 75% 
silking date by covariance analysis unless treatment and 
silking date are uncorrelated. In most fertility experiments, 
however, these two are highly correlated. If the rate of 
change in nutrient content at silking time can be determined 
for different environmental and fertility conditions, the 
leaf nutrient contents of the treatments then could be ad­
justed to their 75% silking dates. In the second procedure, 
rainfall during the silking period may alter the rate of 
change of the nutrient content so that yield - nutrient 
content - weather relationships are confounded. To study the 
effect of time of sampling on nutrient levels and the critical 
percentages in the leaf and the effect of rainfall on changes 
in the leaf nutrient during the silking period, several ex­
periments were leaf sampled when the high-N plots were 75% 
silked and again several days later. 
The objectives in this part of the study on methodology 
are: 
1. To compare the direct and two-step regression 
methods and the graphical method for calculating 
the maximum corn yield and associated concentration 
of N or critical N percentage in the corn grain and 
leaf and 
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To determine the change in leaf N concentration 
from one sampling period to a second period during 
the silking stage of corn, to develop a method for 
adjusting the leaf N levels of corn from different 
fertility levels to a constant stage of physio­
logical maturity, i.e., the 75% silking date, and 
to study the effects of some climatic variables on 
these relationships. 
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COMPARISON OF METHODS FOR ESTIMATING THE CRITICAL 
N PERCENTAGE IN THE CORN GRAIN AND LEAF 
Plans and Procedures 
For comparison of methods for estimating the critical N 
percentage in the corn grain and leaf, data were available 
from grain samples for 31 site-years and from leaf samples 
for 24 site-years of experiments having the N rates variable. 
These were described previously. 
The selection of data used to calculate the critical N 
percentage representing the experiment will be described in 
this section. Data selection from the two-variable experi­
ments were based on analysis of variance of yields. Although 
some interactions between N and P occurred, most of the in­
teraction effects were due to the small N effects on yield at 
the Pq level. In the N and P rates experiments from the 
Moody and Galva-Primghar Research Centers, the Pq treatments 
were deleted and critical N percentages were calculated from 
the remaining data, disregarding the P fertilizer level. 
Data selected from the N and PK rates experiment at the 
Old Agronomy Farm were from the 67-67 PK fertilizer treatments 
in 1972-1974 and 1978-1979. The no PK treatments were used 
in 1975 and 1976 because maximum corn yields were not attained 
in the 67-67 PK treatments. 
Data from all K levels were combined from the N and K 
rates experiment from the Clarion-Webster Research Center; 
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the experiment had five rates of N fertilizer. 
Data from only the treatments with 39500 plants/ha were 
used from the rates of N and stand level experiment at the 
Moody Research Center. This plant density is commonly used 
in northwest Iowa where the experiment is located. 
The general multiple regression models for the direct 
and two-step methods were described previously in the Plans 
and Procedures chapter. The methods for these and the 
graphical method are described briefly as follows* 
Direct method 
The observed corn yields were regressed on the concen­
tration of N of the grain or leaf, using the following quad­
ratic models 
Y = bg + b^n + b^^n^ , (20) 
where Y is the estimated yield, n is the concentration of N, 
bg is the intercept, and b^ and b^^^ are the regression co­
efficients of the linear and squared variates of n, respec­
tively. 
The partial derivative of Y with respect to n in equa­
tion 20 is set equal to 0 and solved for n in the following 
steps < 
dY/dn = b^ + 2To^^n , 
0 = b^ + 2b^^n , and 
n = . (21) 
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The value of n which is the N concentration at maximum yield 
is the critical N value, provided the sign of is positive 
and that of is negative. If the sign of either one is 
different, the critical N value cannot be calculated or the 
calculated value is associated with minimum yield. 
By substituting the calculated value of n, the critical 
N percentage, from equation 21 into the yield equation 20, 
the maximum yield that corresponds to the critical N per­
centage is calculated. 
Two-step method 
In the first step of the two-step method, both the ob­
served corn yields and N concentration are regressed on N 
fertilizer rates by the following quadratic models: 
Y = bg + b^N + b^^N^ and (22) 
n = bp + b^N + b^^N^ , (23) 
where N is the N fertilizer rate and b^ and b^^ are the re­
gression coefficients for the linear and squared variates 
of the N variable. 
The second step is to substitute the calculated N rate 
associated with maximum yield from equation 22 into equation 
23 and calculate n, the critical N percentage. In this 
method, the signs of the coefficients of the linear and 
squared variates must be positive and negative, respectively, 
in equation 22 to compute the N rate associated with maximum 
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yield. In equation 23, the sign of the linear N variate 
should be positive for a rational solution but the sign of 
the squared N variate can be either negative or positive. 
The difference between the critical N percentage and the 
maximum N percentage, observed or predicted, measures the 
"luxury consumption" as defined by Macy (1936). 
Graphical method 
In this method, the critical N percentage is defined 
as the concentration of N associated with the highest corn 
yield if it is significantly higher at the 10% level than the 
yields from either of the two preceding increments of N fer­
tilizer. If the highest yield is not significantly higher at 
the 10% level than those of the two preceding increments, the 
average N content of the grain or leaf from the highest yield 
and that from the yield of the preceding N increment is used 
as the critical N percentage. 
Results and Discussion 
For the grain, the critical N percentages (critical % N) 
calculated by the direct, two-step, and graphical methods and 
the associated maximum yields and N fertilizer levels are 
given in Table 5. The multiple regression statistics for the 
31 experiments (site-years) for the direct and two-step re­
gression methods are given in Appendix Tables Al to A3. The 
treatment mean yields and plant composition data of all 
Table 5. Critical N percentages in the corn grain and associated data calculated 
by three methods (experimental data from the CWRC, GPRC, MRC, and OAF) 
Direct Two-step Graphical 
EXPNO N at N at 
L and YMAX Critical YMAX YMAX Critical YMAX YMAX Critical 
FARM YEAR EXPT (q/ha) %N (kg/ha) (q/ha) %N (kg/ha) (q/ha) %N 
4-74 NK 80 1.54 274 88 1.48 359 83 1.50 
5-79 N(spring) 106 1.50 266 108 1.56 _d — — 
39-67® N rates 45 1.74 84 .48 1.77 45 46 1.58 
6-72 92 1.73 214 98 2.lOf 134 91 1.63 
7-73 95 1.48 159 96 1.64 134 96 1.52 
8-74 72 1.52 103 73 1.52 90 73 1.52 
9-75 - - - . - - 134 82 1.68 
10-76® 56 1.78 122 56 1.81 134 56 1.88 
11-77 75 1.59 102 76 1.57 90 74 1.59 
12-78 89 2.34 133 70 1.65 134 70 1.65 
13-79 - - 174 80 1.79 134 78 1.58 
^YMAX = maximum yield. 
^Symbols are given in Table 4. 
^Maximum yield was not attained. 
^Not possible to calculate. 
^Moderate-severe moisture stress occurred which usually causes high critical 
% N values. 
^Deletion of outliers changed the response curve; original value was 1.71% N. 
Table 5, (Continued) 
Direct , Two-step Graphical 
EXPNO N at N at 
and YMAX Critical YMAX YMAX Critical YMAX YMAX Critical 
FARM YEAR EXPT (q/ha) %N (kg/ha) (q/ha) %N (kg/ha) (q/ha) % N 
GPRC 14-75 NP-Cl^ 187 89 1.62 168 87 1.58 
15-76® - - 265 77 1.72 168 76 1.81 
16-77 85 1.88 154 83 1.66 140 82 1.66 
17-78 73 1.57 137 73 1.60 140 72 1.61 
18-79 103 2.20 118 90 1.52 140 89 1.51 
MRC 33-72 N*ST (395)^ 100 1.93 180 88 1.61 168 89 1.60 
34-73 92 1.50 116 99 1.51 112 97 1.52 
19-74® 40 1.98 106 51 1.81 84 46 1.78 
20-76® 44 1.95 101 46 2.02 84 43 1.89 
21-77 65 1.96 139 66 1.89 140 64 1.88 
22-78 83 1.66 126 84 1.68 112 84 1.67 
23-79 77 1.47 122 81 1.43 112 79 1.40 
MRC 24-79 NP-Cl^ 77 1.56 128 78 1.52 168 78 1.50 
OAF 37-73 N*PK(67-PK) 87 1.68 — — — 179 82 1.51 
38-73C - - 227 94 1.69 - - -
36-74 84 1.63 187 85 1.49 179 84 1.47 
25-75 N*PK(0-PK) 54 1.51 142 56 1.56 179 55 1.63 
26-76 56 1.69 137 58 1.52 179 55 1.54 
27-78 N*PK(67-PK) 83 1.62 203 84 1.47 224 80 1.50 
28-79 93 1.58 218 93 1.54 269 91 1.63 
^Calculated over all P levels except Pq in all 5 experiments. 
^Calculated only for the stand level of 39,500 stalks/ha in all 7 experiments. 
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experiments are given in Appendix Tables B2 to B9. 
Because the signs of the squared vâriates were positive 
instead of negative, the critical % N could not be calculated 
in EXPNO 9, 13, 14, 15, and 38 by the direct method (Appendix 
Table Al) or in EXPNO 9 and 37 by the two-step method (Appendix 
Table A2). Critical % N could not be calculated in EXPNO 5 
and 38 by the graphical method because maximum yield was not 
attained. Of the 26 site-years in which the critical % N 
could be calculated by the direct method, 62% of the linear 
and 54% of the quadratic coefficients in the YIELD regres­
sions were significant, at least at the 15% level (Appendix 
Table Al). Of the 29 site-years in which the critical % N 
could be calculated by the two-step method, all linear and 
all quadratic coefficients except one were significant at the 
15% level in the YIELD regressions on N rate (Appendix Table 
A2) and 97% of the linear and 66% of the quadratic coeffi­
cients were significant at the 15% level in the NGR regres­
sions on N rate (Appendix Table A3). 
For the corn leaf, the critical % N values calculated 
by the three methods and associated maximum yields and N 
fertilizer levels are given in Table 6. Most noticeable in 
Table 6 are several very high critical % N values estimated 
by the direct method; these are much beyond any observed leaf 
N values. The multiple regression statistics for the 24 site-
years for the direct and two-step methods are given in Appen­
dix Tables A4 to A6. 
Table 6. Critical N percentages in the corn leaf and associated data calculated 
by three methods (experimental data from the CWRC, GPRC, MRC, and OAF) 
Direct Two-step Graphical 
EXPNO a N at N at 
and •XMAX Critical YMAX YMAX Critical YMAX YMAX Critic. 
' YEAR EXPT (q/ha) % N (kg/ha)(q/ha) % N (kg/ha)(q/ha) % N 
CWRC 1-67 NK 135 5.11 246 103 2.74 269 98 2.66 
2-68 98 2.80 250 106 2.74 179 98 2.58 
29-69 114 3.57 317 99 2.46 359 97 2.54 
30-70 87 3.78 260 83 2.78 269 76 2.61 
31-71 216 7.68 286 109 2.96 269 102 2.83 
32-72 93 3.17 267 98 2.99 359 92 3.04 
3-73 82 2.81 266 88 2.75 359 83 2.78 
CWRC 5-79C N( spring) 111 3.74 266 108 3.47 _d - -
GPRC 9-75 N 153 7.39 — — — 134 82 3.02 
10-76® 58 3.48 122 56 3.06 134 56 3.07 
11-77 73 3.08 102 76 3.06 90 74 3.01 
12-78 74 3.68 133 70 3.21 134 70 3.22 
13-79 93 . 5.40 174 80 3.40 134 78 3.42 
®YMAX = maximum yield. 
^Symbols are given in Table 4. 
Maximum yield was not attained. 
^Not possible to calculate. 
Moderate-severe moisture stress occurred. 
Table 6, (Continued) 
Direct Two-step Graphical 
EXPNO N at N at 
and YMAX Critical YMAX Critical YMAX YMAX Critical 
FARM YEAR EXPT (q/ha) %N (kg/ha)(q/ha) %N (kg/ha)(q/ha) %N 
GPRC 14-75 NP-Cl^ 99 4.30 187 89 3.11 168 87 3.10 
15-76® 77 3.73 265 77 2.94 168 76 3.13 
16-77 - - 154 83 3.32 140 82 3.27 
17-78 83 4.28 137 73 2.99 140 72 2.92 
18-79 91 4.06 118 90 3.47 140 89 3.45 
MRC 19-74® N*ST(395)9 45 2.24 106 51 2.47 84 46 2.27 
20-76® 45 2.44 101 46 2.62 84 43 2.45 
21-77 68 3.71 139 66 3.18 140 64 3.19 
22-78 84 3.73 126 84 3.37 112 84 3.31 
23-79 79 3.99 122 81 3.51 112 79 3.35 
OAF 28-79 N*PK(67-PK) 99 4.10 218 93 3.21 269 91 3.27 
f Calculated over all P levels except Pq in all 5 experiments. 
^Calculated only for the stand level of 39,500 stalks/ha in all 5 experiments. 
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The critical % N in the leaf could not be calculated in 
EXPNO 16 by the direct method (Appendix Table A4) and in 
EXPNO 9 by the two-step method (Appendix Table A5) because 
the coefficients of the squared variates were positive. 
Critical % N could not be calculated in EXPNO 5 by the 
graphical method because maximum yield was not attained. Of 
the 23 site-years in which critical % N could be calculated 
by the direct method, 74% of the linear and 52% of the quad­
ratic coefficients were significant, at least at the 15% 
level (Appendix Table A4). Of the 23 site-years by the two-
step method, all linear coefficients and all quadratic coef­
ficients except one were significant, at least at the 10% 
level, in both the YIELD and NLl regressions on N rates 
(Appendix Tables A5 and A6). 
In the regressions of N concentration in the grain (NGR) 
on N fertilizer rates, most of the regressions showed that 
NGR increased at a decreasing rate as N rate increased (Appen­
dix Table A3), About one-third of the regressions, however, 
showed that NGR increased linearly or at a slight increasing 
rate within the relevant range of the observations as N rates 
increased. In the regressions of N concentration in the leaf 
(NLl), the NLl increased at a decreasing rate in all regres­
sions except one in which the N rate had essentially a linear 
effect on NLl (Appendix Table A6). In the two-step method, 
the effect of an increasing rate of change of NGR or NLl with 
increasing N rate does not prevent the estimation of the 
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critical % N. This effect, however, may influence the ac­
curacy of the results and the variations among site-years 
and methods. A combination of a relatively flat yield re­
sponse curve and a linear or increasing NGR or NLl response 
to increasing N rates may result in wide variations in esti­
mated critical % N values. If the YMAX and associated N 
rate are overestimated in the first regression, the over­
estimated N rate substituted into the second regression of 
the two-step method may increase the estimated critical % N 
considerably. 
For comparing the three methods, 24 site-years of data 
(excluding EXPNO 5, 9, 13, 14, 15, 37, and 38) were available 
for the critical % N in the grain; 21 site-years (excluding 
EXPNO 5, 9, and 16) were available for the critical % N in 
the leaf. At this point, one conclusion is that the critical 
% N of corn grain can be determined in a higher percentage of 
the experiments with the two-step than with the direct re­
gression method. The critical % N in the leaf could be esti­
mated in a high percentage of the experiments with both re­
gression methods; however, several of those estimated by the 
direct method were unrealistically high values. 
The simple correlations between maximum yields (YMAX) 
and critical % N of individual site-years calculated by the 
three methods are shown in Table 7 based on data for both the 
corn grain and leaf. The correlations between YMAX estimated 
Table 7. Simple correlations betveen maximum yields and critical N percentage in 
the grain and leaf calculated by three methods (data from CWRC, GPRC, 
MRC, and OAF) 
Correlation coefficient (r) 
YMAX Critical % N 
Variable Method Direct Two-step Graphical Direct Two-step Graphical 
Corn arain (24 site-vears) 
YMAX Direct 
Two-step 
Graphical 
.93** .95** -.01 
.99** -.26 
-.25 
-.36++ 
-.35++ 
-.39++ 
-.50* 
-.56** 
-;56** 
Critical 
% N 
Direct 
Two-step 
Graphical 
.41* .48* 
.77** 
Corn leaf (21 site-vears) 
YMAX Direct 
Two-step 
Graphical 
.79** .77** .85** 
.99** .48* 
.52* 
-.01 
.05 
.14 
-.01 
.10 
.30 
Critical 
% N 
Direct 
Two-step 
Graphical 
.32+ .20 
.96** 
*^++,+Significant at the 1%, 5%, 10%, and 15% levels, respectively, in 
this and subsequent tables. 
61 
by the two-step and graphical methods were higher than any 
correlations involving YMAX estimated by the direct method, 
particularly if estimated from the leaf N data. The corre­
lations between critical % N values estimated by the two-
step and graphical methods also were much higher than any in­
volving the direct method. The high correlations in Table 7 
between YMAX and critical % N of the leaf estimated by the 
direct method reflects the occurrence in several site-years 
of both very high critical % N and YMAX values. 
The statistics for YMAX and critical % N estimated by 
the three methods from the corn grain and leaf are shown in 
Table 8, For both sets of data, the mean values of YMAX 
estimated by the regression methods were higher than that 
estimated by the graphical method. In the corn leaf data, 
the YMAX estimated by the direct method was much higher than 
that by the two-step method; this was due to very high 
estimated YMAX values in a few experiments. The mean YMAX 
values estimated by the graphical method from the grain and 
leaf data were 97.6 and 96.3%, respectively, as high as 
those estimated by the two-step method. These values were 
slightly less than those reported by Pierre et al. (1977a). 
The mean values of the estimated critical % N values 
were slightly higher by the two-step than by the graphical 
method in both the grain and leaf data (Table 8). The mean 
value of the critical % N by the direct method was slightly 
Table 8, Statistics of maximum yields and critical N percentages in the grain and 
leaf calculated by the three methods (data from the CWRC, GPRC, MRC, and 
OAF) 
Variable Method 
Mean 
value 
Minimum 
value 
Maximum 
value 
Standard 
deviation Variance 
Corn arain (24 site-vears) 
YMAX 
(q/ha) 
Direct 
Two-step 
Graphical 
75.5 
75.8 
74.0 
40.0 
46,0 
43.0 
103.0 
99.0 
97.0 
18.18 
16.23 
16.36 
330.6 
263.4 
267.8 
Critical 
% N 
Direct 
Two-step 
Graphical 
1.73 
1.64 
1.61 
1.47 
1.43 
1.40 
2.34 
2.10 
1.89 
0.234 
0.176 
0.132 
0.0547 
0.0311 
0.0175 
Corn leaf (21 site-vears) 
"ÏMAX 
(q/ha) 
Direct 
Two-step 
Graphical 
90.1 
81.8 
78.8 
45.0 
46.0 
43.0 
216.0 
109.0 
102.0 
35.54 
17.39 
16.44 
1263.6 
302.3 
270.3 
Critical 
% N 
Direct 
Two-step 
Graphical 
3.86 
3.00 
2.96 
2.24 
2.46 
2.27 
7.68 
3.51 
3.45 
1.168 
0.307 
0.340 
1.3642 
0.0943 
0.1153 
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higher in the grain and markedly higher in the corn leaf 
than those estimated by the other methods. The mean criti­
cal % N values by the graphical method from the grain and 
leaf data were 98,2% and 98.7%, respectively, as high as 
those estimated by the two-step method. 
As shown in Table 8, the variances of YMAX and critical 
% N were considerably higher in most cases for the direct 
than for the other methods. The ratios of the variances 
(comparison of two variances) for the corn grain and leaf 
are given in Table 9. In all tests except for estimated 
YMAX from the corn grain experiments, the variances of the 
direct method were significantly higher than those of the 
other two methods. The variances of both YMAX and critical 
% N were similar for the two-step and graphical methods. 
The sample of the populations of YMAX and critical % N 
values calculated by the direct method has a different vari­
ance than the samples of the other two methods. The only 
significant difference among the YMAX and critical % N means 
of the three methods, however, is between critical % N level 
of the corn leaf by the direct and those of the other two 
methods. 
Summary and Conclusions 
From 24 of 31 site-years of corn grain samples and 21 
of 24 site-years of corn leaf samples, the direct and two-
Table 9. Ratio of variances for maximum yields and critical N percentages in the 
grain and leaf calculated by three methods (data from the CWRC, GPRC, 
MRC, and OAF) 
Variable Method 
Ratio of variances^ 
YMAX 
Direct Two-step Graphical 
Critical % N 
Direct Two-step Graphical 
Corn grain ( 2 4  site-years) 
YMAX Direct 
Two-step 
Graphical 
1.26 1.23 
1.02 
Critical 
% N 
Direct 
Two-step 
Grahpical 
1,76 3.12** 
1.78 
Corn leaf (21 site-vears) 
YMAX Direct 
Two-step 
Graphical 
4.18** 4.67** 
1.12 
Critical 
% N 
Direct 
Two-step 
Graphical 
14.47** 11.83** 
1.22 
^Higher variance divided by smaller variance. 
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step regression methods and the graphical method were com­
pared for estimating critical N percentage (critical % N) 
and YMAX values. 
In most comparisons among the methods, the direct re­
gression method differed from the other two methods in the 
following respects: (l) the critical % N could not be 
estimated in more experiments by the direct than by the other 
methods; (2) in some experiments, the estimated.critical % N 
and YMAX values, particularly with corn leaf data, were un-
realistically high and erroneous; (3) correlations between 
critical % N and YMAX values estimated by the direct method 
and either of the other methods were less to markedly less 
than those between the other two methods,; (4) mean values 
of YMAX and critical % N were higher if estimated by the 
direct method, particularly from the leaf data; and (5) the 
experimental variances for both YMAX and critical % N were 
significantly higher by the direct method than those by the 
other methods. For these reasons, the use of the direct 
method was discontinued in this study. The direct method, 
however, was not compared with the two-step method in the 
regression analysis of combined data from several site-years 
in which other variables were included. The differences 
may be less in these than the ones that occurred in the 
analysis of data from a single site-year. 
In most comparisons, there were close relationships 
66 
between the two-step regression and graphical methods. The 
mean YMAX and critical % N values estimated by the graphical 
method, however, were 96 to 99% as high as those by the 
two-step method. This was expected based on the previous 
research (Pierre et al., 1977a). The two-step method gives 
unbiased estimates of both "YMAX and critical % N, although 
the errors of estimate are increased because of the use of 
two prediction equations. The graphical method is an 
empirical method designed to minimize bias; however, it still 
is biased in that it underestimates both parameters slightly 
on the average. 
The main advantage of the graphical method besides its 
simplicity is that it provides a common sense check of the 
estimates from the statistical procedure. If the critical 
% N cannot be calculated by the two-step method, an estimate 
usually can be gotten by the graphical method. If maximum 
yield is not attained in the experiment, the critical % N 
cannot be estimated accurately by the graphical method. 
In this case, the two-step regression method usually will 
give estimates of YMAX and critical % N, although both will 
be extrapolated values beyond the range of the experimental 
values. These have increasing errors of estimation as the 
extent of the extrapolation increases. 
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EFFECT OF TIME OF LEAF SAMPLING ON 
ESTIMATING CRITICAL N PERCENTAGE 
In this section, the changes in leaf N concentration 
from one sampling period to a second sampling period during 
the silking stage of the corn are presented. The develop­
ment of a method for adjusting the leaf N levels of corn 
from different fertility levels to a constant stage of 
physiological maturity, i.e., the 75% silking date, and the 
effects of some climatic variables on these relationships 
are also presented. 
Plans and Procedures 
Experimental data 
For studying the effect of leaf sampling time on the 
critical N percentage (critical % N), data were available from 
five site-years where leaf samples were taken on two different 
dates. Leaves were first sampled when the corn on the high­
est fertility treatments of the experiment was about 75% 
silked; the second sampling was 4 to 8 days later when the 
slowest maturing corn in the unfertilized plots was about 
75% silked. 
The data for this study were from the following experi­
ments; 
1. Moody Research Center EXPNO 20, 1976, N rate and 
stand level experiment, and two plant populations 
of 29,700 and 39,500 plants/ha. 
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2. Galva-Primghar Research Center EXPNO 9 and 10, 1975 
and 1976, and N rate experiments, and 
3. Galva-Primghar Research Center EXPNO 14 and 15, 
1975 and 1976, NP rates experiment, and first-year 
and second-year corn in the rotation. 
Statistical analysis 
Most of the variables included in the various analyses 
are listed in Table 4, These included NFERT or N fertilizer 
rates, NLl and NL2 (the N concentrations in the leaf at the 
first and second sampling dates), LFDATEl and LFDATE2 (the 
first and second sampling dates, coded days after June 30) 
and SLKDATE, the date when each plot reached 75% silking, 
coded days after June 30. 
A transformed variable included in the regression analyses 
•was DAYDIFF, the difference between LFDATEl or LFDATÉ2 and 
SLKDATE in days. It had a negative value if the leaf sample 
was taken prior to the 75% silking date, 0 if taken on this 
date, and a positive value if taken after SLKDATE. Another 
transformed variable was NDIFF, the difference in % N in 
each plot between the second and first leaf samplings or 
NL2 - NLl. Because the time between leaf samplings varied 
from 4 to 8 days, the NDIFF values were adjusted linearly to 
values equivalent to a 6-day difference in sampling time. 
Two weather variables included in some multiple regres­
sions were RAIN, the amount of rainfall in inches between the 
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first and second sampling and DVl, the moisture stress index 
for the 40-day period prior to 75% silking. 
Simple correlations were calculated between the NLl, 
NL2, N, and SLKDATE variables. A high degree of correla­
tion may limit the use of a covariate in covariance analysis 
and the variables that can be included in the multiple re­
gression model. 
An analysis of covariance of NLl and NL2 was computed 
for all site-years. The DAYDIFF variable was used as the co­
variate. These analyses were computed to determine if the 
mean NLl and NL2 levels of each N fertilizer level could be 
adjusted to the average DAYDIFF (difference between leaf 
sampling and 75% silking dates) and also to the 75% silking 
date of each treatment. 
Multiple regressions The critical % N values were 
calculated by both the two-step and graphical methods for 
each leaf sampling time. The statistical procedure for the 
two-step method was described previously. In the initial 
comparisons between critical % N calculated from each leaf 
sampling time for the NP rates experiment, the Pq treatments 
were deleted and critical % N was calculated over all other 
P levels. The same treatments were used to study the method 
of adjusting the N leaf levels to the 75% silking. For the 
multiple regressions to study the difference in N concentra­
tion as functions of the N fertilizer and climatic variables, 
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all data from the NP experiments were used. 
To study the method of adjusting the N leaf levels to 
the 75% silking date of each treatment in each experiment, 
the N leaf data from both sampling times were combined and 
regressed on the quadratic function of N rates, the DAYDIFF 
variable, and N*DAYDIFF interaction. Thus, in the combined 
analyses, the leaf N level of any N treatment was related to 
the DAYDIFF variable, which differentiated between the first 
and second sampling dates. 
The regression coefficients of the DAYDIFF variable plus 
that of the N*DAYDIFF interaction (if significant at the 15% 
level) were used to adjust the leaf N concentration of each 
N treatment to its 75% silking date by two methods. First, 
the observed mean leaf N concentration of each treatment and 
at each sampling date was adjusted using the coefficient or 
coefficients determined from the final regression model. 
Second, the leaf N concentration of corn from each N level 
treatment and sampling date was also estimated from the final 
regression model and then adjusted to its 75% silking date. 
The effects of rainfall between the two leaf sampling 
dates (RAIN) and the moisture stress index prior to 75% silk­
ing (DVl) on the changes in the leaf N concentration between 
sampling dates were also studied. All available individual 
plot data were combined from all experiments. Regression 
models were developed in which the dependent variable of 
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NDIFF (difference in N concentration of the leaf between 
the second and first leaf samplings) was regressed on com­
binations of the quadratic function of N fertilizer rates, 
linear functions of RAIN and DVl and interactions between N 
and both RAIN and DVl. 
Results and Discussion 
The N concentrations of the leaf at the first and 
second leaf samplings differed in these experiments as will 
be shown later. The results agree with the results of pre­
vious research that showed considerable variability in N 
concentrations in corn leaves sampled near and during the 
silking period. Tynér and Webb (1946) were among the first 
researchers to show these variations. 
Critical N percentages at two sampling times 
Critical % N levels of the leaf were calculated for the 
two times of leaf sampling. The regression coefficients of 
the two regressions used for the two-step method are pre­
sented in Appendix Table A7. The regression of yield on N 
fertilizer for EXPNO 9 (GPRC, N rates) did not have a maxi­
mum yield; consequently, critical % N could not be calculated 
for this experiment. 
The critical % N levels of the corn leaf at the two 
sampling times are presented in Table 10. They were higher 
at the first than the second sampling time in all experiments 
Table 10. Critical N percentages in the leaf at two times 
of sampling calculated by two methods (data from 
the GPRC and MRC) 
Two-step 
EXPNO N at Critical 
and YMAX YMAX NLl 
FARM YEAR EXPT Days^ (kg/ha) (q/ha) (% N) 
MRC 20-76 N*St(297) 4 87 37 2.58 
20-76 N*St(395) 4 101 46 2.62 
GPRC 9-75 N 6 _b — — 
10-76 N 8 122 56 3.06 
GPRC 14-75 NP-Cl^ 4 187 89 3.11 
NP-C2^ 6 141 75 2.99 
GPRC 15-76 NP-Cl^ 8 265 77 2.94 
NP-C2^ 8 201 62 3.21 
^Days between sampling times. 
^Not possible to calculate. 
treatments were deleted in the analyses. 
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NL2 
(% N) 
Change 
in % N 
per day 
N at 
YMAX YMAX 
(kg/ha) (q/ha) 
Graphical 
Critical 
NLl 
(% N) 
NL2 
(% N) 
Change 
in % N 
per day 
2.71 +0.032 56 38 2.36 2.48 +0.030 
2.73 +0.028 84 43 2.56 2.59 +0.035 
— 
— 134 82 3.02 2.85 -0.028 
2.70 -0.045 134 56 3.07 2.76 -0.039 
3.18 +0.018 168 87 3.10 3.14 +0.010 
2.89 -0.017 168 74 3.01 2.92 -0.015 
2.85 -0.011 168 76 3.13 2.91 -0.028 
2.73 -0.060 168 62 3.16 2.80 -0.045 
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except the one at the MRC in 1976 and in first-year corn in 
the NP rates experiment at the GPRC in 1975. The differences 
between critical % N at the two sampling times with the two-
step method varied from +0,13 to -0.48 % N. These varia­
tions in critical % N of the leaf due to time of sampling 
may explain, in part, the different critical % N values re­
ported in the literature. Unless the leaves are sampled when 
the corn in most treatments is at a definite stage of 
maturity, the critical % N values will be variable. The 
possible factors causing these variations will be investi­
gated later. 
The differences between critical % N at the two sampling 
times were converted to a common denominator for comparisons, 
the average rate of change of % N per day shown in Table 10, 
The changes varied from +0,032 to -0.060 % N/day calculated 
by the two-step method and from +0.035 to -0.045 % N/day by 
the graphical method. These variations in the few experiments 
sampled show the need to determine the factors causing these 
changes. The rates of change in critical % N in the same 
experiment estimated by the two methods, however, were simi­
lar in most cases. 
Ad lustment of leaf N the 75% silking stage 
Because leaf N and critical % N vary with time of 
sampling, variations of these among experiments might be re­
duced if the leaf N concentrations were adjusted to a constant 
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physiological maturity, i.e., 75% silking. For this ad­
justment, several variables are involved. 
Correlation analysis First, the simple correlations 
between the leaf N concentrations at the two sample times, 
NLl and NL2, level of N fertilizer, and 75% silking dates 
of the corn in all plots of each experiment were computed. 
These are presented in Table 11. The NLl and NL2 values in 
each experiment were very highly correlated (r = 0.95 to 
0.98). The N fertilizer was also very highly correlated with 
NLl and NL2 (r = 0.88 to 0.97); this is a cause and an effect 
relationship. The silking date was negatively correlated 
with N fertilizer and the N concentrations in the leaf but the 
magnitudes of the correlations varied considerably among ex­
periments. The correlations involving SLKDATE are the most 
important ones to consider in the covariance and regression 
analyses. As N fertilizer increases, the N concentration 
increases and the silking date decreases, i.e., the corn 
reaches 75% silking earlier than the nonfertilized plots. 
The silking date and leaf concentration, relationship is due 
to the effect of N fertilizer on both; the relationships vary 
among experiments probably due to differences in available 
soil N, P fertilizer level in the NP experiments, and weather. 
Covariance analysis The analysis of covariance of 
NLl or NL2 on N fertilizer and the covariate, DAYDIFF (differ­
ence in days between the date sampled and the 75% silking 
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Table 11. Simple correlations between NLl, NL2, NFERT, and 
SLKDATE in each experiment (data from the GPRC 
and MRC) 
Variable Variable 
Variable NL2 NFERT SLKDATE NI,2 NFERT SLKDATE 
MRC 76 (297) (n=9) MRC 76 (395) (n=6) 
NLl .97** .94** -.65++ .96** .97** -.40 
NL2 - .91** -.76* - .97** -.34 
NFERT -.55+ -.27 
GPRC 75 N (n = 31) GRPC 76 N (n=29) 
NLl ,98** .97** -.78** .95** .92** -.75** 
NL2 - .96** -.74** - .95** -.71** 
NFERT -.74** -.74** 
GPRC 75 NP Cl (n=28) GPRC 75 NP C2 (n=29) 
NLl .97** .88** -.17 .97** .91** -.67** 
NL2 - .92** - .26 - .91** -.72** 
NFERT -.39* -.62** 
GPRC 76 NP Cl (n=29) GPRC 76 NP C2 (n=30) 
NLl .95** .89** -.72** .97** .92** - .44* 
NL2 - .90** -.74** - .91** -.52** 
NFERT - . -.69** - -.59** 
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date of each plot) was computed for each experiment. This 
was done to determine if the leaf N concentrations of the 
corn from the different N treatments could be adjusted to 
values at their respective 75% silking dates. If so, the 
results from sampling from all treatments in an experiment 
on one date could be compared at a comparable stage in the 
corn development. This procedure is similar to the commonly 
used analysis of covariance of corn yields with plant densi­
ty as the covariate. 
Two criteria for the valid use of the DAYDIFF variable 
in the covariance analysis are: (1) the N fertilizer treat­
ment should not have a significant effect on DAYDIFF and 
(2) the relationship between NLl or NL2 and DAYDIFF, inde­
pendent of block and treatment effects, should be signifi­
cant. The high correlation between N and SLKDATE (DAYDIFF 
is perfectly correlated with SLKDATE) in most experiments 
(Table 11) showed that analysis of covariance was not valid 
in these. The effect of the silking date difference on leaf 
N thus was confounded with N fertilizer which had a direct 
effect on leaf N and an indirect effect on leaf N through its 
effect on silking date. Significant relationships between 
leaf N and silking date occurred in most experiments (Table 
11) but these simple correlations included the block and N 
treatment effects. 
The covariance analysis of each experiment (analysis of 
78 
covariance not shown) showed that the effect of DAYDIFF on 
leaf N was confoiinded with N rate, even in those with a low 
correlation between N and SLKDATE. The sign of the re­
gression coefficient for adjusting leaf N to the mean DAYDIFF 
was opposite to that expected from the changes in leaf N from 
the first to the second leaf sampling time. This showed that 
the leaf N level was adjusted to the mean N fertilizer rate 
and not to the mean DAYDIFF. The other effect of the analy­
sis of covariance was that the relationship between leaf N 
and DAYDIFF, after removing the effects of blocks and N 
fertilizer levels, was no longer significant in most experi­
ments. In conclusion, adjustment of the leaf N of treatments, 
that also affect silking dates, to a comparable stage of 
physiological maturity cannot be done if leaves are sampled 
only once, the usual procedure. 
Multiple regression of leaf N at two sampling dates 
To adjust the leaf N concentrations of the corn at two sample 
dates to levels at 75% silking, a regression model was de­
veloped for each experiment combining the NLl and NL2 data. 
The dependent variable of NL (% N in the leaf at either 
sampling time) was regressed on the quadratic function of N 
fertilizer, linear function of DAYDIFF, and the N*DAYDIFF 
interaction. The DAYDIFF variable (difference between leaf 
sampling and 75% silking date of each plot) accounted for the 
effect of the difference in sampling dates on NL in the model. 
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The final regression equation of NL for each experiment 
is presented in Table 12. The linear effect of the DAYDIFF 
variable on NL was positive only in the two stand level com­
parisons at the Moody Research Center, In the other experi­
ments in which the interaction variate was not significant, 
the DAYDIFF variable had a negative and significant effect 
on leaf N. The coefficient of the DAYDIFF variate gives the 
rate of change in NL per day; its sign shows the direction 
of change from the first to the second leaf sampling. The 
positive N*DAYDIFF interaction in two experiments along with 
the negative effect of the DAYDIFF variate showed that the 
initial negative effect of DAYDIFF became less negative as 
the N rate increased. The effect of DAYDIFF became 0 at 164 
kg N/ha in EXPNO 14-Cl; in EXPNO 15-C2, the DAYDIFF effect 
became 0 only at a very high N rate. 
The leaf N regression equations shown in Table 12 can 
be used to adjust the leaf N concentration of each fertilizer 
level to its 75% silking date. This process adjusts the N 
concentration of each plot or each treatment as if the corn 
had been leaf sampled on the day it reached the 75% silking 
stage of physiological maturity. Two methods were used to 
adjust the leaf N concentrations of the corn from each N 
treatment to its 75% silking date based on the regression 
equations derived for each experiment. These are illustrated 
by the results presented in Table 13. 
Table 12. Regressions of leaf N on N fertilizer and DAYDIFF variables used to calculate the effect 
of time of leaf sampling on leaf N (data from the GPRC and MRC) 
EXPNO 
and 
YEAR 
Regression coefficients of^ Weather ^ 
variables 
Inter­
cept 
N* 
DAYDIFF FARM EXPT N DAYDIFF R2 RAIN DVl 
MRC 20-76 N*St(297) 
(395) 
178.7** 
178.5** 
1.188** 
0.908** 
1.93* 
1.93++ 
-0.00357** 
-0.00139+ 
.97 
.96 
1.51 
1.51 
22.22 
22.22 
GPRC 9-75 
10-76 
N 
N 
149.7** 
179.6** 
0.921** 
1.607** 
—1.64** 
-4.22** 
0.00139+ 
-0.00500** 
.91 
.91 
0 
0.52 
1.43 
18.54 
GPRC 14-75 NP-Cl^ 
NP-C2C 
214.0** 
177.2** 
1.277** 
1.523** 
-3.52** 
-0.95+ 
-0.00409** 
-0.00480** 
0.0215* .94 
.91 
0 
0 
1.43 
1.43 
GPRC 15-76 NP-Cl"^ 
NP-C2^ 
246.0** 
203.2** 
0.832** 
1.413** 
-3.23** 
-5.25** 
-0.00251** 
-0.00465** 0.00922+ 
.88 
.94 
0.52 
0.52 
18.54 
18.54 
dependent variable (NL) is the leaf N level at either sampling date; DAYDIFF is the leaf 
sampling date minus the 75% silking date. 
^RAIN is the amount of rainfall in inches between sampling times; DVl is the moisture stress 
index in the 40-day period prior to the 75% silking date. 
^The Pq treatments were deleted from che regression analyses. 
Table 13. Adjustment of the N percentage in the corn leaf sampled at two times to the 75% silking 
date of the com from each N fertilizer level (data from the GRPC and MRC)^ 
FAKM 
EXPNO 
and 
YEAR 
N level 
EXPT (kg/ha) LFDATE SLKDATE DAYDIFF 
Adjustment of 
observed % .N. 
NL ANL DIFF 
Adjustment of 
predicted % N 
NLC ANLC 
MRC 20-76 N*ST(297) 0 26 28.0 -2.0 1.81 1.85 -.04 1.75 1.79 
30 2.0 1.80 1.76 .04 1.83 
56 26 23.0 3.0 2.36 2.30 .06 2.40 2.34 
30 7.0 2.48 2.34 .14 2.48 
112 26 23.7 2.3 2.71 2.66 .05 2.72 2.67 
30 6.3 2.83 2.71 .12 2.79 
168 26 23.0 3.0 2.81 2.75 .06 2.84 2.78 
30 7.0 2.90 2.76 .14 2.92 
MRC 20-76 N*ST(395) 0 26 31.0 -5.0 1.64 1.74 -.10 1.68 1.78 
30 -1.0 1.84 1.86 -.02 1.76 
56 26 24.0 2.0 2.22 2.18 .04 2.29 2.25 
30 6.0 2.39 2.27 .12 2.37 
112 26 27.5 -1.5 2.62 2.65 -.03 2.60 2.63 
30 2.5 2.69 2.64 .05 2.68 
168 26 26.0 0.0 2.85 2.85 .00 2.92 2.92 
30 4.0 3.04 2.96 .08 3.00 
^Symbols: LFDATE = leaf sampling date; SLKDAIE = mean 75% silking date; DAYDIFF = LFDATE -
SLKDATE; NL = mean % N of the leaf at the designated LFDATE; ANL = % N of each N treatment adjusted 
to its 75% silking date; DIFF = NL - ANL difference; NLC = estimated % N of the leaf from the re­
gression equation for each N rate and sampling date; and ANLC = estimated % N of the leaf of each 
N treatment adjusted to its 75% silking date. 
Table 13. (Continued) 
EXPNO 
and N level 
FARM YEAR EXPT (kg/ha) LFDATE SLKDATE 
GPRC 9-75 N 
GPRC 10-76 N 
0 22 30.4 
28 
45 22 25.4 
28 
90 22 23.5 
28 
134 22 22.4 
28 
0 20 26.0 
28 
45 20 22.6 
28 
90 20 20.0 
28 
134 20 21.1 
28 
Adjustment of 
observed % N 
Adjustment of 
predicted % N 
DAYDIFF NL ANL DIFF NLC ANLC 
-8.4 1.70 1.57 .13 1.63 1.50 
-2.4 1.46 1.42 .04 1.54 
-3.4 2.10 2.04 .06 2.00 1.94 
2.6 1.80 1.84 -.04 1.90 
-1.5 2.56 2.54 .02 2.46 2.44 
4.5 2.26 2.34 — .08 2.36 
0.4 3.02 3.01 .01 2.99 2.98 
5.6 2.85 2.94 -.09 2.89 
—6.0 2.09 1.84 .25 2.05 1.80 
2.0 1.71 1.80 -.09 1.71 
-2.6 2.48 2.37 .11 2.53 2.42 
5.4 2.13 2.36 -.23 2.19 
0 2.90 2.90 0 2.84 2.84 
8.0 2.53 2.87 -.34 2.50 
-1.1 3.07 3.02 .05 3.10 3.05 
6.9 2.76 3.05 -.29 2.76 
Table 13. CContinued) 
and 
FARM YEAR EXPT 
GPRC 14-75 NP-Cl^ 
NP-C2^ 
N level 
(kg/ha) LFDATE SLKDATE 
0 25 26.2 
29 
56 25 23.0 
29 
112 25 24.2 
29 
168 25 23.0 
29 
0 25 32.2 
31 
56 25 26.7 
31 
112 25 25.2 
31 
168 25 25.8 
31 
GPRC 14-75 
^Pq treatments were deleted. 
Adjustment of 
observed % N 
Adjustment of 
predicted % N 
DAYDIFF NL ANL DIFF NLC ANLC 
-1.2 2.20 2.16 .04 2.18 2.14 
2.8 2.06 2.16 -.10 2.04 
2.0 2.65 2.70 -.05 2.68 2.73 
6.0 2.54 2.68 -.14 2.59 
0.8 3.11 3.12 -.01 3.05 3.06 
4.8 3.02 3.08 — .06 3.00 
2.0 3.10 3.10 0 3.13 3.13 
6.0 3.14 3.13 .01 3.14 
-7.2 1.89 1.82 .07 1.84 1.77 
—1.2 1.71 1.70 .01 1.78 
-1.7 2.58 2.56 .02 2.49 2.47 
4.3 2.40 2.44 -.04 2.43 
-0.2 2.87 2.87 0 2.88 2.88 
5.8 2.77 2.83 —.06 2.82 
—0.8 3.01 3.00 .01 2.99 2.98 
5.2 2.92 2.97 -.05 2.93 
Table 13. CContinued) 
FARM 
EXPNO 
and 
YEAR EXPT 
N level 
(kg/ha) LFDATE SLKDATE DAYDIFF 
Adjustment of 
observed % N 
NL ANL DIFF 
Adjustment of 
predicted % N 
NLC ANLC 
GPRC 15-76 NP-Cl^ 0 20 22.8 -2.8 2.56 2.47 .09 2.55 2.46 
28 5.2 2.26 2.43 -.17 2.29 
56 20 20.2 -0.2 2.92 2.92 0 2.85 2.85 
28 7.8 2.60 2.85 -.25 2.60 
112 20 19.5 0.5 3.02 3.04 -.02 3.06 3.08 
28 8.5 2.77 3.04 -.27 2.81 
168 20 19.6 0.4 3.14 3.15 -.01 3.14 3.15 
28 8.4 2.91 3.18 -.27 2.88 
GPRC 15-76 NP-C2^ 0 20 24.5 -4.5 2.30 2.06 .24 2.27 2.03 
28 3.5 1.79 1.97 -.18 1.85 
56 20 20.3 -0.3 2.70 2.68 .02 2.70 2.68 
28 7.7 2.40 2.76 — .36 2.32 
112 20 20.7 -0.7 3.00 2.97 .03 3.06 3.03 
28 7.3 2.69 3.00 -.31 2.72 
168 20 20.7 -0.7 3.16 3.14 .02 3.11 3.09 
28 7.3 2.80 3.07 -.27 2.82 
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In the first method, the mean observed leaf N concen­
trations at both sampling times (NLl and NL2) from all N 
treatments were adjusted to the mean 75% silking date of 
each treatment, using the regression coefficient of DAYDIFF 
or the coefficients of DAYDIFF and N*DAYDIFF from the re­
gression equation derived from each experiment (Table 12). 
The base data for making these adjustments (N rate, LFDATE, 
SLKDATE, and DAYDIFF) are listed in Table 13 for each experi­
ment. The mean observed leaf N concentrations (NL) from both 
sample dates and at the various N levels are listed in the NL 
column. The adjusted leaf N concentrations (ANL) at the 75% 
silking date are listed in the ANL column. The changes in 
the leaf N concentrations due to the adjustment, defined as 
DIFF = NL - ANL, are listed in the DIFF column. 
The equation for adjusting each leaf N value in each 
experiment without the N*DAYDIFF interaction, using the re­
gression coefficient of DAYDIFF from the equation for that 
experiment, is as follows: 
ANL = NL - [b(DAYDIFF)] . (24) 
For example, the adjustment of the first entry for EXPNO 20, 
N*ST(297), in Table 13, using b = 1.93 from Table 12 and 
remembering that NL is coded as % N*100, is as follows: 
ANL = 181 - [l.93(-2.0)] 
= l8l - [-4] = 185 or, decoded, 1.85% N. 
If the N*DAYDIFF interaction occurs in the regression 
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equation, the equation for adjusting the leaf N value than 
is: 
ANL = NL - [b^ DAYDIFF + bgfN^DAYDIFF)] . (25) 
For example, the adjustment of the last entry for EXPNO 15, 
NP-C2, using b^ = -5.25 and b^ = 0.00922 from its regression 
equation in Table 12, is as followst 
ANL = 280 - [(-5.25)(7.3) + (0.00922)(168)(7.3)] 
= 280 - [-38 + ll] = 307 or, decoded, 3.07% N. 
The differences in the ANL (adjusted % N) values between 
the first and second leaf sampling dates in all experiments 
(Table 13) were less in almost all cases than the differences 
between the observed NL values of the two sampling times. 
This effect due to adjustment to a comparable stage of maturi­
ty was expected. Theoretically, the ANL values of the two 
sampling times should be the same or very similar. This 
did not occur because of several factors, including sampling 
and laboratory variances, assumption of linear change in 
leaf N concentration between sampling times, and not account­
ing for weather effects in the individual experiments. 
In the second method of adjusting the leaf N concentra­
tions to the same stage of maturity, the mean leaf N (NLC) 
values for the two sampling times and all N rates were 
initially calculated or estimated from the regression equa­
tions in Table 12 using the mean DAYDIFF of each sampling time 
and N level. These values, shown in the NLC column of Table 
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13, are predicted from the regressions derived from the 
observed NL values. The leaf N concentrations of each N 
fertilizer level were then adjusted to its 75% silking date 
by setting DAYDIFF = 0 in the regression equations in Table 
12. These adjusted values are shown in the ANLC column of 
Table 13; only one ANLC value occurs for each N level and its 
associated mean 75% silking date. The ANLC values are the 
best estimates of the leaf N levels of the N treatments at 
comparable stages of maturity. In general, they are similar 
to the ANL values obtained by adjusting the observed NL 
values at each time of sampling. 
The critical % N values of the leaf adjusted to the 75% 
silking dates of each N treatment were computed by the two-
step method for each experiment using the yield regressions 
from Appendix Table A7 and the leaf regressions in Table 12, 
setting DAYDIFF = 0. These adjusted critical % N values are 
shown in Table 14 along with the critical % N values computed 
at each leaf sampling date which were shown previously in 
Table 10, The critical % N values adjusted to the 75% silk­
ing dates were generally closer to those computed from the 
first than from the second leaf sampling time. This was ex­
pected because the first sampling date was closer to the 
average 75% silking date of all treatments than was the 
second sampling date. 
Table 14. Critical N concentrations in the leaf adjusted and unadjusted for 
stage of maturity calculated by two methods (data from GPRC and MRC) 
Critical % 
FARM 
EXPNO 
and 
YEAR 
Graphical 
Two-step 
EXPT 
NLl 
% 
NL2 
% 
NLl 
% 
NL2 
% 
Adjusted 
NL 
% 
MRC 20-76 N*ST(297) 2.36 2.48 2.58 2.71 2.55 
N*ST(395) 2.45 2.59 2.62 2.73 2.56 
GPRC 9-75 N 3.02 2.85 _b — — 
10-76 N 3.07 2.76 3.06 2.70 3.01 
GPRC 14-75 NP-Cl 3.10 3.14 3.11 3.18 3.10 
NP-C2 3.01 2.92 2.99 2.89 2.96 
GPRC 15-76 NP-Cl 3.13 2.91 2.94 2.85 2.90 
NP-C2 3.16 2.80 3.21 2.73 2.99 
^Critical % N values for the first and second leaf samplings (NLl and NL2) 
are taken from Table 10, 
^Not possible to calculate. 
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Weather effects on leaf N concentration 
As was discussed in the previous section, decreases in 
the leaf N concentration and critical % N occurred from the 
first to the second leaf sampling dates in most experiments 
(Table lO). The changes in critical % N, however, were 
positive in two experiments; the N*STAND experiment at the 
MRC (both stand levels) and the 1975 NP-Cl experiment at the 
GPRC. The DAYDIFF variable in the regressions in Table 12 had 
similar directional effects on leaf N as were shown in Table 
iO except that the effect of DAYDIFF on leaf N changed from 
negative to positive at the highest rate of N applied in the 
1975 NP-Cl experiment. 
To study the possible effects of weather on changes in 
leaf N from the first to the second leaf sampling dates, a 
regression model was used. The difference in leaf N concen­
tration between the second and first leaf sampling dates 
(NDIFF = NL2-NL1) was linearly adjusted in each plot of all 
experiments to the value for a six-day difference in sampling 
times because difference in sampling dates varied from 4 to 
8 days. The NDIFF variable was then regressed on the linear 
functions of N fertilizer rate (N), rainfall in inches between 
the two sampling dates (RAIN), and moisture stress index for 
the period prior to 75% silking (DVl) plus interactions be­
tween N and both RAIN and DVl. 
In the experimental data available, only three weather 
f 
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regimes occurred (Table 12), 1976 at the MRC and 1975 and 
1976 at the GPRC. Thus, only 2 df were available for the 
weather effects of RAIN and DVl; the interaction between the 
two could not be included. Because of the limited number of 
weather observations, the results of this study illustrate 
only the trends and methodology available to study the 
weather effects. 
A regression in which a change or difference between two 
values is used as a dependent variable is interpreted dif­
ferently from a model such as was used in the previous sec­
tion in which the dependent variable of leaf N concentration 
(NL) was regressed on DAYDIFF, a variable used to explain the 
difference between NL values at different sampling times. If 
the DAYDIFF effect on NL was influenced by N rate, the N* 
DAYDIFF variate was needed to explain this effect. In con­
trast to the usual form of the dependent variable, the NDIFF 
dependent variable in this study includes the DAYDIFF effect. 
The linear variates of N, RAIN and DVl in the NDIFF model, 
therefore, would be N*DAYDIFF, RAIN*DAYDIFF, and DV1*DAYDIFF 
interactions in a model with NL as the dependent variable. 
The linear*linear interactions of N*RAIN and N*DV1 in the 
NDIFF model thus are equivalent to three-factor interactions 
of these two interactions with DAYDIFF. 
The various regression models for NDIFF computed by the 
forward-selection procedure are presented in Table 15. The 
Tablé 15. Model selection steps for the regressions of difference in leaf N con­
centration between two sampling times (NDIFF) on N rates and weather 
variables (data from the GPRC and MRC) 
Regression 
no. Intercept N RAIN^ DVl N*RAIN N*DV1 R2 
1 -29.40** 0.0698** 15.37** .222 
2 -24.92** 0.0741** 0.0627 .067 
3 -19.89** 0.0648** 51.97** -2.032** .556 
4 -21.18** 0.0823** 56,62** -2.054** -0.0521+ .561 
5 -21.84** 0.0908** 52.30** -1.859** -0.00242+ .562 
6 -21.71** 0.0892** 54.01** -1.924** -0.0204 -0.00164 .562 
^The values of the dependent variable, NDIFF, were adjusted linearly to a 
difference of 6 days between sampling times; no. of observations = 191. 
^The unit of RAIN is inches. 
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intercept of about -20 in most models showed that the aver­
age NDIFF at 0 levels of the other variables was -0,2% N. 
The highly significant, positive N effect in all models on 
NDIFF showed that the decrease in leaf N became less as N 
rate increased. As discussed previously, the N effect on 
NDIFF in the combined data from all experiments is equiva­
lent to the N*DAYDIFF interaction on NL in the equations in 
Table 12 which was significant in only two experiments. 
The addition of the RAIN and DVl variables separately 
gave R^-values of 0.22 and 0.07, respectively (Table 15). 
2 The combination, however, increased the R to 0.56. This 
2 large increase in R may be due to overloading of the model 
(Casanova, 1979) because two weather variables were included 
for only three weather regimes . Addition of the N*RAIN and 
N*DV1 interaction variâtes gave only slight increases in R^. 
Rainfall between sampling dates (RAIN) had a positive 
effect on NDIFF, i.e., the change in leaf N from the first 
to second sampling time became less negative and then posi­
tive as RAIN increased. Moisture stress (DVl) had a negative 
effect on NDIFF, i.e., the change between sampling times 
became more negative as DVl increased. Although regression 
3 (Table 15) predicts the NDIFF fairly well in this data set, 
the coefficient of RAIN appears to be too high and that of 
DVl appears to be too low for general use. For RAIN, the 
positive effect on NDIFF in a 6-day period is 0.52% N per 
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1.0 inch of rainfall. For DVl, the negative effect on NDIFF 
is 0.02% N per unit of DVl or 0.44% N for the maximum DVl 
observed of 22. These effects may be caused by the high 
correlation of r = 0.86 between RAIN and DVl in the three 
site-years from which data were available. 
In Figure 1, the observed differences between the aver­
age leaf N concentration at two sampling dates (NDIFF), ad­
justed for a e-rday difference, were plotted against rainfall 
(RAIN) between the sampling dates. To illustrate the effect 
of DVl on the NDIFF-RAIN relationship, the NDIFF values were 
estimated from regression 3 in Table 15 and plotted in Figure 
1 for RAIN values of 0 to 1.5 inches (0-3.8 cm), DVl values 
of 0, 11 and 22, and with N fixed at 80 kg N/ha. As RAIN in­
creased, the NDIFF became less negative and then positive; 
as DVl increased, the NDIFF became more negative. The 
interrelationship of both weather variables on NDIFF is 
shown in Figure 1 by NDIFF = 0 occurring at DVl = 0, 11, and 
22 if RAIN = 0.28, 0.70 and 1.15 inches, respectively. 
The relationship in Figure 1 between changes in leaf N 
during the silking period and the weather variables show 
logical trends but too few weather conditions were sampled 
to put much confidence in the magnitudes of the weather effects 
on leaf N changes. The results show that sampling individual 
plots in an experiment when each attains the 75% silking 
stage has some risk. A rainfall during the sampling period 
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Figure 1. Effect of rainfall between two leaf sampling 
dates on NDIFF at three moisture stress indexes 
and 80 kg N/ha (points show observed NDIFF 
values averaged over all N rates) 
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will confound the relationship between treatments and leaf 
nutrient concentrations. 
Summary and Conclusions 
The effects of time of leaf sampling on the N concentra­
tions and on the estimation of the critical N percentages 
(critical % N) in the corn leaf were studied. Data were 
available from five experiments (eight individual comparisons) 
at the MRC and GPRC in 1975 and 1976 which were leaf sampled 
twice during the silking period. The 75% silking dates of 
all plots were also determined. 
The critical % N values of the leaf computed by either 
the two-step or graphical method were higher at the first 
sampling than at the second sampling 4 to 8 days later in all 
experiments except the one at MRC in 1976 and first-year corn 
in the NP rates experiment at the GPRC in 1975. The differ­
ences between the calculated critical % N at the two sampling 
times varied from +0.13% to -0.48% N, These variations in 
critical % N due to time of sampling may explain, in part, 
the different critical leaf % N values reported in the 
literature. 
Because leaf N and critical % N vary with time of 
sampling, variations among experiments might be reduced if 
the leaf N concentrations were adjusted to a constant physio­
logical maturity, i.e., the 75% silking date. The use of 
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covariance analysis to adjust leaf N of each treatment to 
its 75% silking date was investigated using DAYDIFF (dif­
ference between sampling and 75% silking dates) as the co-
variate. Because of the high correlations between N fer­
tilizer rates and 75% silking dates in most experiments, co-
variance analysis could not be used. Adjustment of the leaf 
N of treatments to a comparable stage of maturity from a 
single sampling cannot be done by covariance if the treat­
ments also affect the silking dates. 
A regression model then was developed to adjust the leaf 
N of each N treatment to its 75% silking date using data from 
both times of sampling. The % N of the leaf (NL) at either 
sampling time was regressed on N fertilizer, DAYDIFF, and 
the interaction between the two. In the final equation for 
each experiment, the DAYDIFF variable gave the direction and 
magnitude of the change in leaf N from the sampling date 
to the silking date. In two experiments, the N*DAYDIFF 
interaction was significant, showing that the rate of N 
affected the change in leaf N between sampling dates. 
From the regression equation for each experiment, the 
leaf N values of each treatment were adjusted to the 75% 
silking date of each treatment. These adjusted values were 
then used to calculate the critical % N of each experiment. 
These critical % N values were generally closer to those 
calculated from the first than from the second sampling date 
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because the first sampling date was closer to the average 
75% silking date of all treatments. 
In the final phase of the study, the effects of N fer­
tilizer and two weather variables on changes in leaf N be­
tween the second and first sampling (NDIFF) were determined 
by regression analysis of the combined data from all experi­
ments. The weather variables were: RAIN, rainfall between 
dates of sampling; and DVl, moisture stress index for the 40-
day period prior to silking. Only three site-years or weather 
conditions were available; therefore, only the methodology 
and trends could be studied. The regression analysis of 
NDIFF showed that the decrease in leaf N became less as N rate 
increased. The change in leaf N from the first to second 
sampling time became less negative and then positive as RAIN 
increased between samplings. Increasing moisture stress in­
creased the negative change in leaf N between sampling times. 
Because of the various possible combinations of RAIN and DVl, 
the change in leaf N with time during the silking period may 
vary from negative to positive. The results show that 
sampling individual plots when each attains the 75% silking • 
stage has some risk if rainfall occurs between the sampling 
times. 
The effects of weather variables prior to and during 
the silking period and time of leaf sampling on the N con­
centration of the leaf should be considered in the inter-
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pretation of the critical % N of the corn leaf. Because 
of these effects, interpretation of grain N analysis may 
be less difficult than interpretation of leaf N analysis. 
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PART II. EFFECTS OF DEFICIENCY OF ONE ELEMENT ON 
THE CRITICAL CONCENTRATION OF ANOTHER 
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INTRODUCTION 
It is generally recognized that the total concentration 
of a nutrient element in a plant at maximum yield with re­
spect to that element, known as the critical percentage, has 
provided useful information in nutrient deficiency deter­
minations. With corn, most of the studies have been with 
the corn leaf, using a specific corn leaf sampled at a given 
stage of development (Tyner and Webb, 1946; Dumenil, 1958, 
1961; and others). More recently, corn grain has been 
studied as possibly offering some advantage over corn leaves 
for determining the critical N concentration (Pierre et al., 
1977a,b). 
In investigations with both corn leaves and grain, con­
siderable variability has been found in the critical N per­
centages (critical % N), not only among investigators but 
also by the same investigator. One of the factors that has 
been suggested as a cause of this variability is the level 
of other nutrients. Dumenil (1961) and Voss et al. (1970) 
reported that varying concentrations of P in the corn leaf 
due to P fertilization influenced the critical % N and that, 
conversely, leaf N level also influenced the critical % P. 
Very little information is available, however, on the effect 
of another nutrient on the critical % N of grain. Differ­
ences in time of leaf sampling is another possible cause of 
variations in critical % N, as shown in Part I. A difference 
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in hybrids has also been found to be an important factor 
affecting the critical % N of the grain (Russell and Pierre, 
1980). Hybrids may also affect the critical % P of the 
grain and leaf, but this effect has not been investigated. 
Macy (1936), who developed the concept of the critical 
percentage, believed that other nutrient elements did not 
have an effect on critical percentages except in special in­
stances. This claim was based on the constancy of Mitscher-
lich's effect factor "c" in the poverty adjustment zone of 
Macy's yield curve. The constancy of the effect factor "c", 
however, has been disproven (Goodall and Gregory, 1947j 
Lundegardh, 1951; Black and Kempthorne, 1954). 
Ulrich (1952) found that other nutrients had some effect 
on critical levels but he concluded that these effects were 
not important in the practical application of plant analysis. 
From a very limited number of experiments reported in the 
literature, Pi en s at al. (1977a,b) found little evidence 
that P and K had amy effect on critical % N of corn grain. 
They suggested, however, that further investigations of the 
effect of other nutrients as well as of other factors on 
critical % N were needed. 
From his many experiments conducted over a period of 
almost 20 years, principally with cereals, Lundegardh (1951) 
showed that the absolute increase in yield from a given fer­
tilizer rate to plants with a particular nutrient concentra­
tion was markedly affected by the level of other nutrients. 
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In his formulated relationship between yield increases and 
nutrient composition index values, he included an interfer­
ence factor, which represented the effect of a second 
nutrient index value on the yield response. In his mathe­
matical relationships, as the yield response decreased to 
zero, the yield approached the maximum. 
Dumenil (1961) determined the relationship between 
corn yields and the N and P concentrations in the corn leaf 
in 93 fertilizer experiments by multiple curvilinear re­
gression. He found that at the absolute maximum yield, the 
critical % N and % P levels of 3,16% N and 0.338% P were 
constant for the average levels of all other factors in the 
data set. If availability of either nutrient was insuffi­
cient for the absolute maximum yield, the yield and critical 
levels were less. For example, if P availability was suffi­
cient for 95% of YMAX, the critical % N was 2.93% and 
associated % P was 0.275%; if N availability was sufficient 
for 95% of YMAX, the critical % P was 0.312% and associated 
% N was 2.62%. Thus, the critical % N or % P included a 
range of values depending on the level of the other nutrient 
in the leaf. 
Dumenil and Hanway (1965) illustrated the effects of N 
and P fertilizer levels on critical % N and % P in the corn 
leaf in an experiment on an extremely N- and P-deficient Ida 
silt loam in western Iowa. The critical % N levels were 
about 2.2 and 2.9% N at 0 and 140 kg P/ha, respectively. The 
103 
critical % P levels were about 0.16 and 0.35% P at 0 and 358 
kg N/ha, respectively. Initial increments of the N or P 
fertilizer increased the critical percentage of the other 
nutrient markedly because of the extremely large N*P inter­
action on yield and leaf nutrient concentrations in this 
experiment. 
Voss et al. (1970) related corn yield to N and P con­
centrations in the corn leaf and other variables using data 
from 23 fertilizer experiments in western Iowa. They found 
a similar relationship between yield and leaf N and P con­
centrations as was reported by Dumenil (1961). In addition, 
they found that the leaf nutrient concentrations at the pre­
dicted maximum yield or at 95% of YMAX varied with past 
cropping, plant population, soil yielding potential, and 
soil moisture. Thus, these factors also influenced the 
yield - nutrient composition relationships and the critical 
% N and % P levels. 
The N, P» and S levels are the most likely nutrients 
to influence the critical percentages of each other because 
they all are required for protein formation. In some recent 
work with S, Rabuffetti and Kamprath (1977) obtained data 
from a N X S complete factorial experiment indicating that 
the critical N concentration of corn grain was increased by 
S on a Coastal Plain loamy-sand soil. Work by Eppendorfer 
(1969) in Denmark, however, showed little or no evidence that 
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S affected the critical N percentage of barley grain and 
straw. 
The main objectives of this part of the study were: 
1. To study the effects of P and K fertilizers on the 
critical N percentages of the grain and leaf and 
2. To study the effect of N fertilizer rates on the 
critical P percentages of the corn grain and leaf. 
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PLANS AND PROCEDURES 
The data for this study came from multivariable fer­
tilizer rate experiments at several research centers in 
Iowa. These experiments were described previously in the 
Plans and Procedures chapter (page 17). The data were from 
the following research centers, experiments, years, and 
plant parts: 
1. GPRC, NP rates, 1975 through 1979 for both grain 
and leaf samples. 
2. MRC, NP rates, 1979 for grain only. 
3. CWRC, NK rates, 1967 through 1973 for leaf samples, 
and 
4. OAF, N*PK rates, 1975, 1976, 1978 and 1979 for 
grain samples and 1979 for leaf samples. 
The P, PK, and K fertilizer treatments have been applied 
for several years at most of these experiments. As a result, 
the available soil test P and/or K levels have increased 
over time. Thus, the effects of the fertilizer treatments 
also included residual effects from previous years' applica­
tions. The soil test results from the treatments with P and/ 
or K rates averaged over all N levels are given in Table 16, 
Estimates of critical nutrient levels by the two-step 
regression and the graphical methods were compared in all 
experiments. The methods are described briefly as follows: 
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Table 16. Average soil test results for the plow layer 
from the MP, N*PK, and NK rates experiments 
(data from the GPRC, MRC, OAF, and CWRC) 
Fertilizer Soil tests^ 
rate (ka/ha) P K 
FARM EXPT YEAR P K pH (pp2m) (pp2m) 
GPRC NP 77-79 0 6.2 11 165 
34 - 6.1 14 148 
67 - 6.1 24 154 
101 — 6.1 30 148 
MRC NP 76-78 0 — 6.9 13 287 
34 - 6.8 22 278 
67 - 6.8 40 282 
101 — 6.8 41 279 
OAF N*PK 80 0 0 6.2 14 107 
67 67 6.1 44 160 
CWRC^ NK 67 — 0 7.1 51 85 
- 45 7.1 53 86 
- 90 7.1 45 99 
- 179 7.2 50 109 
— 358 7.0 46 158 
CWRC^ NK 75 . — 0 6.7 140 118 
• — 45 6.7 137 150 
- 90 6.7 132 197 
- 179 6.8 143 260 
- 358 6.6 137 609 
annually. 
Levels of soil test P and K (pp2m) are: 
P K 
Very low <16 <81 
Low 16-25 81-120 
Low-medium 26-35 121-150 
Medium 36-45 151-200 
High >45 >200 
^A basic application of 29 to 35 kg P/ha was applied 
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Two-step Method 
For the NP rates experiments, the two-step regression 
models derived from individual plot data for yield and con­
centrations of N and P in the grain or leaf are: 
Y, %N, and %P = bg + b^N + b^P + b^^N^ + bggP^ + b^^NP , 
(26) 
where Y, %N, and %P are the dependent variables, N and P 
are the N and P fertilizer rates, bg is the intercept, b^^ 
and bg are the linear coefficients of N and P, b^^ and b22 
2 2 
are the quadratic coefficients of N and P , and b^^ is the 
coefficient of the interaction variate between N and P. 
The calculations of critical N and P concentrations 
(critical % N and critical % P) in the grain and leaf were 
done by two different methods. In the first method, one 
fertilizer variable was held at several fixed levels and 
the two-variable regression equation was simplified to sev­
eral quadratic functions of the other fertilizer variable. 
The critical % N or % P then was calculated by the two-step 
method as described previously in the statistical analysis 
section of the Plans and Procedures chapter. 
In the second method, the N and P fertilizer rates 
associated with maximum yield were calculated simultaneously 
from the following two partial derivations of yield equation 
251 
dY/dN = b^ + 2b^^N + b^^gP and (27) 
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dY/dP = bg + ZbggP + . (28) 
Equations 27 and 28 were set equal to 0 and then solved 
simultaneously as described previously in the Plans and 
Procedures chapter. These rates of N and P substituted into 
equation 26 gave the maximum yield, a single point on the 
two-variable yield response surface (Heady et al., 1955). 
Regression equation 26 has a maximum yield for the two fer-
tilizer variables only if b^^ and b22 < 0 and b^^ < ^^11^22 
(Stein, 1977). 
As explained before for the two-step method, the values 
of N and P that gave maximum yield were then substituted 
into the regressions of % N and % P as functions of fer­
tilizer rates (equation 26) to calculate the critical % N 
and % P, respectively, for either the corn grain or leaf. 
The statistical calculations were done by using Procedure 
SYSREG (Systems regression), SAS (1979). 
For the NK experiments, the statistical procedure was 
the same as for the first method described for the NP ex­
periments. Only the critical % N levels of the leaf were 
calculated at fixed K fertilizer levels. 
Because the PK variable in the N*PK experiment at the 
Old Agronomy Farm had only two levels, only its linear effect 
could be included in the regression models. The PK level 
at maximum yield, therefore, could not be calculated. The 
critical % N of the grain and leaf was calculated for both 
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levels of PK by the two-step method. 
Graphical Method 
Analyses of variance of the corn yields were computed 
for each of the experiments in order to calculate the least 
significant difference (LSD) for comparing treatment means. 
These were used to estimate the critical nutrient percentages 
by the graphical method as described in the Plans and Pro­
cedures chapter. 
To estimate the critical % N in the grain or leaf, the 
mean yields and associated N percentages of the N treatments 
at each level of P, K, or PK were used. For the critical % P> 
the yields and P percentages of the P treatments at each 
level of N were used. Thus, only part of the experimental 
treatments were used in each of the estimated critical nutri­
ent percentages by the graphical method. In contrast, the 
critical nutrient percentages were estimated by the two-step 
method from the two-variable regression equations derived 
from all experimental treatments. 
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RESULTS AND DISCUSSION 
NP Rates Experiments 
The mean yields and grain and leaf composition data 
for all treatments in the NP rates experiments are given in 
Appendix Tables B5 and B7. The yield responses to the N 
and P treatments varied among the site-years due to position 
of the crop in the rotation and variations in the weather. 
The mean yields of one nutrient at fixed levels of the other 
were used to estimate critical nutrient levels by the 
graphical method. 
The multiple regression equations of YIELD, NGR (% N 
in the grain), PGR {% P in the grain), NL (% N in the leaf), 
and PL (% P in the leaf) on N and P fertilizer rates are 
listed in Appendix Tables A12 to A16, respectively, for each 
experiment and corn crop in the rotation. 
2 The R -values of the YIELD equations varied from 0,58 
to 0.94; most were greater than 0,82 (Table A12). In all 
except two, corn yields showed decreasing marginal response 
to rates of both N and P; maximum yield from a combination 
of the two, therefore, could be calculated. In two experi­
ments on second-year corn (GPRC, 1978 and MRC, 1979), the 
yield function was a mini-max in which maximum yield was 
attained with N but a minimum yield occurred at a low rate 
of P fertilizer. In these, the linear and quadratic coeffi-
Ill 
2 • 
cients of P and P were negative and positive, respectively. 
This unusual response may be because the P fertilizer was 
applied to the first-year corn and only the residual effects 
of P were measured on second-year corn. 
2 The R of the regressions of NGR oh N and P rates 
(Table A13) varied from 0.68 to 0,96; most were greater 
than 0.87. In most of these regressions, N fertilizer had a 
positive, curvilinear effect on NGR, which increased at a 
decreasing rate with increasing N rates. The P fertilizer 
had small negative effects which were generally linear in 
most experiments. The P effect on NGR, either its linear, 
quadratic, or interaction effect, was significant at the 10% 
level in half of the site-years. 
The R of the regressions of PGR on N and P rates 
(Appendix Table A14) were very high; all were above 0.88. 
In these regressions, N fertilizer had a negative effect 
in most equations and a significant curvilinear effect on 
PGR in about half of them. The P fertilizer had a positive, 
highly significant, and curvilinear effect on PGR in all 
site-years, with PGR increasing at a decreasing rate with 
increasing P rate. The NP interaction was significant in 
only two site-years. 
The R of the regressions of NL on N and P rates 
(Appendix Table A15) varied from 0.65 to 0.96; most were 
greater than 0.87. In all regressions, N fertilizer had a 
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positive, curvilinear effect on NL, showing a decreasing 
effect with increasing N rate. The P fertilizer had a 
significant linear effect in only two site-years. The NP 
interaction was significant in three site-years. 
In the regressions of PL on N and P rates (Appendix 
Table A16), the varied from 0,72 to 0.97; most were 
greater than 0.86. In these regressions, both N and P 
fertilizers had positive, curvilinear effects on PL, with 
PL increasing at a decreasing rate with increasing N and P 
rates. The NP interaction was significant in 6 of the 10 
site-years. 
In summary, N fertilizer had significant, positive, 
and curvilinear effects on YIELD in all site-years. The P 
fertilizer had significant effects on YIELD in 10 of the 12 
site-years; in two site-years, the yield response to P had 
a minimum yield at a low rate of P. 
In the corn grain, N fertilizer had significant, posi­
tive, and curvilinear effects on NGR, and significant, 
negative effects on PGR in almost all site-years. The P 
fertilizer had small, significant, negative, and mostly 
linear effects on NGR in half of the site-years. It had 
significant, positive, and curvilinear effects on PGR in 
all experiments. 
In the corn leaf, N fertilizer had significant, positive, 
and curvilinear effects on NL in all site-years and on PL 
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in all except one» The P fertilizer generally had negative, 
linear effects on NL; its linear or interaction effect was 
significant in half of the site-years. The P fertilizer 
had significant, positive and curvilinear effects on PL 
in most experiments. 
The regressions of yield and nutrient concentrations 
in the grain and leaf on N and P fertilizer rates showed 
that both nutrients need to be considered in studying the 
corn yield - nutrient concentration relationships. Whether or 
not the critical nutrient percentage of one nutrient is in­
fluenced by the level of the other will be studied in the 
following sections. 
Critical N percentages 
The critical % N in the grain and leaf, N rate associ­
ated with YMAX, and YMAX computed at different P fertilizer 
levels for each site-year by the two-step and graphical 
methods are given in Tables 17 and 18 for first-year (CI) 
and second-year corn (C2) in the rotation, respectively. As 
explained in the previous section, the two-variable multiple 
regressions of yield and nutrient concentrations on N and P 
rates were used to compute critical % N by the two-step 
method. 
For the graphical method, critical values were not cal­
culated at the Pq level in 1977 and 1978 for CI and in 1976 
for C2 because of nonsignificant yield responses to N 
Table 17. Effect of P fertilizer rates on critical % N in the grain and leaf of 
first-year corn as determined by two methods (NP experiments at the 
GPRC and MRC) 
EXPNO 
and 
YEAR^ 
P 
level 
(kg/ha) 
Two-steo method Graphical method 
N at 
YMAX 
(kg/ha) 
YMAX 
(q/ha) 
Critical N at 
YMAX 
(kg/ha) 
YMAX 
(q/ha) 
Critical 
NGR 
% 
NL 
% 
NGR 
% 
NL 
% 
14-75 0 115 61.6 1.52 3.13 112 61.0 1.56 3.08 
34 140 78.4 1.54 3.10 168 80.0 1.54 3.09 
67 163 88.8 1.58 3.11 168 92.0 1.58 3.13 
101, 188 93.7 1.67 3.14 168 91.5 1.62 3.08 
111^ 195 93.9 1.70 3.16 _c — — — 
15-76 0 217 69.7 1.76 3.19 112 65.5 1.72 3.14 
34 195 75.1 1.77 3.16 140 70.2 1.73 3.13 
67 174 75.6 1.79 3.10 168 78.5 1.79 3.12 
101, 152 71.4 1.83 3.02 140 73.5 1.80 3.01 
55^ 182 75.9 1.78 3.13 - - - -
^EXPNO 14-18 were from GPRC; EXPNO 24 was from MRC. 
^This and other values on the same line are those associated with the 
absolute YMAX of the two-variable yield response surface. 
^Not possible to calculate or estimate. 
Table 17, (Continued) 
Two-step method Graphical method 
EXPNO 
and 
YEAR 
P 
level 
(kg/ha) 
N at 
YMAX 
(kg/ha) 
max 
(q/ha) 
Critical N at 
YMAX 
(kg/ha) 
YMAX 
(q/ha) 
Critical 
NGR 
% 
NL 
% 
NGR 
% 
NL 
% 
16-77 0 135 66,6 1.53 3.28 
34 155 78,4 1,60 3.27 168 82.5 1.60 3.31 
67 174 84.6 1.66 3.28 168 82.5 1.64 3.24 
101, 195 85.7 1.73 3.31 140 84.0 1.66 3.30 
9? 189 85.9 1.71 3.30 — — — — 
17-78 0 78 65.8 1.43 2.72 — — — — 
34 107 71.4 1.52 2.83 168 70.0 1.62 2.88 
67 135 75.2 1.59 2.98 140 77.7 1.60 2,94 
101 165 77.6 1.67 3.18 140 71.5 1,64 3,08 
133° 192 78.3 1.74 3.40 — — — — 
18-79 0 135 72.5 1.49 3.31 112 73.0 1.42 3.12 
34 128 86.7 1.51 3.39 56 87.5 1.48 3.17 
67 121 92.6 1.53 3.46 . 140 92.0 1.54 3.38 
101. 114 90.6 1.53 3.51 112 91.0 1.52 3.56 
76" 119 92.8 1.53 3.48 — — — — 
24-79^ 0 123 74.2 1.53 — 84 73.2 1.46 — 
34 123 77.7 1.54 - 140 77,0 1.56 — 
67 122 79.3 1.53 - 56 77.5 1.49 -
101. 122 79.0 1.49 - 112 77.5 1.48 — 
80° 122 79.4 1,52 - - - — — 
^Corn leaves were not sampled; hybrid was different from the others. 
Table 18, Effect of P fertilizer rates on critical % N in the grain and leaf of 
second-year corn as determined by two methods (NP experiments at the 
GPRC and MRC) 
Two-step method Graphical method 
EXPNO 
and 
YEAR 
P 
level 
(kg/ha) 
N at 
YMAX 
(kg/ha) 
YMAX 
(q/ha) 
Critical N at 
YMAX 
(kg/ha) 
YMAX 
(q/ha) 
Critical 
NGR 
% 
NL 
% 
NGR 
% 
NL 
% 
14-75 0 101 47.6 1.57 2.85 56 45.5 1.53 2.64 
34 123 64.9 1.53 2.94 140 68.0 1.56 2.94 
67 145 76.7 1.54 3.00 140 72.5 1.56 2.91 
101 167 83.7 1.59 3.04 168 82.5 1.58 3.04 
129% 186 85.6 1.68 3.06 _c — — — 
15-76 0 117 50.0 1.70 3.16 — — — — 
34 151 57.6 1.77 3.18 168 63.0 1.80 3.16 
67 184 62.1 1.79 3.20 140 61.7 1.72 3.11 
101, 217 63.7 1.79 3.24 140 57.0 1.70 3.06 
10?^ 218 63.7 1.78 3.24 
^EXPNO 14-18 were from GPRC; EXPNO 24 was from MRC. 
b 
absolute YMAX. 
'Not possible to calculate or estimate. 
Table 18. (Continued) 
Two-step method Graphical method 
EXPNO 
and 
YEAR 
P 
level 
(kg/ha) 
N at 
YMAX 
(kg/ha) 
YMAX 
(q/ha) 
Critical N at 
YMAX 
(kg/ha) 
YMAX 
(q/ha) 
Critical 
NGR 
% 
NL 
% 
NGR 
% 
NL 
% 
16-77 0 131 74.3 1.65 3.14 112 73.0 1.62 3.11 
34 134 78.4 1.65 3.24 140 76.0 1.66 3.22 
67 136 81.5 1.67 3.23 112 82.0 1.64 3.22 
101. 138 83.8 1.73 3.18 140 81.2 1.74 3.14 
162" 142 85.3 1.89 3.01 — — — — 
17-78 0 103 59.6 1.35 2.82 112 58.5 1.36 2.76 
34 120 60.1 1.39 2.90 112 66.0 1.44 2.96 
67 137 65.6 1.44 2.94 140 56.3 1.44 2.91 
101 153 76.4 1.51 2.94 168 77.0 1.56 2.94 
18-79 0 140 67.9 1.51 3.56 112 62.0 1.44 3.26 
34 153 78.8 1.45 3.45 140 79.0 1.42 3.35 
67 166 86.6 1.42 3.41 140 85.5 1.40 3.27 
101, 179 91.8 1.43 3.45 168 92.5 1.41 3.36 
146^ 196 94.5 1.50 3.62 — — — — 
24-79^ 0 123 74.8 1.48 — 112 71.5 1.48 — 
34 124 74.4 1.46 - 168 74.0 1.46 -
67 124 75.3 1.45 - 140 73.2 1.49 -
101 125 77.6 1.46 112 77.0 1.46 
^Corn leaves were not sampled; hybrid was different from the others. 
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fertilizer. No leaf samples were available from the NP 
experiment at the MRC. 
The critical % N values associated with the YMAX of the 
two-variable yield response surface (absolute YMAX) were com­
puted by the two-step method and are also given in Tables 
17 and 18. The procedure was described in the Plans and 
Procedures section. The N and P rates associated with 
absolute YMAX could not be calculated simultaneously for C2 
in 1978 at the GPRC and in 1979 at the MRC because the yield 
regression had a mini-max response surface. In these, a 
YMAX occurred for N rates but a YMIN occurred at a low level 
of P fertilizer. The simultaneous determination of N and P 
rates associated with the absolute YMAX could not be done 
with the graphical method. 
In first-year corn (Cl), critical % N of the grain cal­
culated by the two-step method increased more than 0.05% N 
in half of the experiments as rates of P fertilizer in­
creased up to the rate associated with the absolute YMAX 
(Table 17). The critical % N calculated by the graphical 
method showed a similar trend. The changes in critical % N 
of the leaf of Cl with increased P rates were more variable 
than those of critical % N in the grain. Critical % N in 
the leaf by the two-step method increased in two site-years, 
had no change in two, and decreased in one site-year with 
increased P rates. 
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The critical % N values of the grain and leaf of CI 
calculated at the absolute YMAX were similar to those cal­
culated at comparable fixed rates of P except in one site-
year (Table 17), In this one, the P rate at absolute YMAX 
was higher than the highest rate applied and critical % N 
values of both grain and leaf were considerably higher than 
the values at the highest fixed rate of P fertilizer. 
In the second-year corn (C2), the critical % N of the 
grain calculated by the two-step method increased in three 
site-years and had little change in the other site-years 
with increasing rates of P (Table 18). The critical % N 
calculated by the graphical method generally had similar 
trends. The critical % N in the leaf by the two-step 
method in C2 increased slightly in 4 of the 5 site-years 
with increasing P rates. 
The critical % N values of the grain of C2 calculated 
at the absolute YMAX were higher than those at the highest 
fixed rate of P in 3 of the 4 site-years; the P rates at 
absolute YMAX in these were higher than the highest P rate 
in the experiment. The critical % N values of the leaf at 
the absolute YMAX were similar in two, less in one, and 
greater in one site-year than those at the highest P rate 
in the experiment. The P fertilizer was applied to only CI 
in these experiments; since the yield response functions 
showed that the absolute YMAX occurred at higher P rates 
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than the highest rate applied, the accumulated residual ef­
fect of the high P rate was insufficient to furnish adequate 
P in at least 3 of the 4 site-years for C2. Recent soil 
tests (Table 16) showed that the soil test P level of the 
highest P treatment was only low-medium (30 pp2m P) at the 
GPRC and medium (41 pp2m P) at the MRC, 
The average critical % N values of the grain and leaf 
computed by both methods for the four levels of P fertilizer 
and for CI and C2 are shown in Table 19. The average N at 
YMAX, YMAX, and associated % P level are also listed for 
each P fertilizer level. Only the site-years shown in 
Tables 17 and 18 that had critical % N values for all four P 
levels were included in the averages; thus, the number of 
site-years varied as given in Table 19. The average critical 
% N and associated data at the absolute "ÏMAX are included in 
Table 19 for CI. As mentioned previously, these values could 
not be calculated for two of the C2 experiments. 
To test the significance of the increases in critical 
% N with P rates, an analysis of variance (AOV) of critical 
% N values was run on each group (Table 20). The critical 
% N values of the individual site-years listed in Tables 17 
and 18 were used as the individual observations, site-years 
were considered as replications, P levels were the treatment 
effects from which the linear effect of P was tested, and 
site-years*P levels were the estimates of the error variances. 
Table 19. Effect of P fertilizer rates on average critical % N in the grain and 
leaf as determined by two methods (NP experiments at the GPRC and MRC) 
Two-steo method Graphical method 
p N at Associ­ N at Associ­
level YMAX YMAX Critical ated YMAX YMAX Critical ated 
(kg/ha) (kg/ha) (q/ha) % N % pB (kg/ha) (q/ha) % N % p5 
Grain-—Cl^ (n= 6 and 4)^ 
0 134 68.4 1.54 .201 105 68.8 1.54 .203 
34 141 78.0 1.58 .258 126 78.7 1.58 .259 
67 148 82.7 1.61 .288 133 85.0 1.59 .283 
101 156 83.0 1.65 .294 133 83.4 1.60 .293 
93® 166 84.4 1.66 .283 — — — — 
Grain-—C2^ (n=6 and 5) 
0 119 62.4 1.54 .192 101 62.1 1.49 .228 
34 134 69.0 1.54 .241 140 72.6 1.51 .248 
67 149 74.6 1.55 .270 134 73.9 1.51 .276 
101 163 79.5 1.58 .282 151 82.0 1.55 .290 
^Calculated from the PGR or PL regression using the N and P levels associ­
ated with the critical % N. 
^Associated with the N treatment(s) used to obtain the critical % N. 
^C1 and C2 are first-year and second-year corn, respectively, in this and 
subsequent tables. 
^Number of site-years included in the average for each method as listed. 
®This and other values on the same line are those associated with the 
absolute "ÏMAX. 
Table 19. (Continued) 
Two-step method Graphical method 
P N at Associ- N at Associ-
level YMAX YMAX Critical ated YMAX "ÏMAX Critical ated 
(kg/ha) (kg/ha) (q/ha) % N % P (kg/ha) (q/ha) % N % P 
Leaf-r-Cl (n=5 and 3) 
0 136 67.2 3.13 .233 112 66.5 3.11 .233 
34 145 78.0 3.15 .283 121 79.2 3.13 .282 
67 153 83.4 3.19 .312 159 87.5 3.21 .313 
101 163 83.8 3.23 .320 105 85.3 3.22 .324 
93 175 85.4 3.29 .311 
Leaf--C2 (n=5 and 4) 
0 118 59.9 3.11 .232 98 59.8 2.94 .226 
34 136 68.0 3.14 .270 133 72.2 3.12 .273 
67 154 74.5 3.16 .294 133 74.1 3.08 .288 
101 171 79.9 3.17 .304 161 83.3 3.12 .300 
123 
Table 20. Analysis of variance of critical % N on site-
years and P fertilizer levels (NP expoyimpnt-:; 
at the 6PRC and MRC) 
Source of 
variation 
Two-step method 
df MS 
Graphical method 
df MS 
Grain—CI 
Site-years 5 .0416 19.4** 3 .0648 41.2** 
P rates 3 .0132 6.2** 3 .0032 2.0 
PL (1) .0396 18.5** (1) .0088 5.6* 
Error 15 .00214 — 9 .00157 — 
Grain—C2 
Site-years 5 .0753 46.4** 4 .0531 23.1** 
P rates 3 .0024 1.5 3 .0036 2.1 
PL (1) .0055 3.4++ (1) .0090 5.2* 
Error 15 .00162 — 12 .00172 — 
Leaf--CI 
Site-years 4 .1385 12.9** 2 .0589 3.2+ 
P rates 3 .0106 1.0 3 .0086 0.5 
PL (1) .0313 2.9+ (1) .0228 1.2 
Error 12 .0107 — 6 .0183 — 
Leaf--C2 
Site-years 4 .2044 59.6** 3 .1795 34.9** 
P rates 3 .0038 1.1 3 .0279 5.4* 
PL (1) .0106 3.1++ (1) .0485 9.5* 
Error 12 .00343 - 9 .00514 -
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The P fertilizer effect on critical % N was primarily 
a linear effect with both methods (Table 20). Linear P 
had a significant effect at the 10% to 1% level on critical 
% N in the grain of CI and C2, little effect on critical % N 
in the leaf of Cl» and a significant effect on critical % N 
in the leaf of C2. The effects of P fertilizer on critical 
% N were greater for CI than for C2 (Table 19); the effect 
of crop sequence on critical % N and % P will be studied in 
Part III. 
In the AOV for all groups, site-years had dominant and 
highly significant effects on critical % N. The effect of 
site-years may be due primarily to weather variations, 
which will be investigated in the next part of this study, 
and partly due to hybrid variety. The same variety was 
planted at the GPRC in all years, but a different one was 
planted at the MRC. 
The effects of P fertilizer rates on critical % N of 
the grain and leaf are illustrated by the following contrasts 
in Table 19 computed by the two-step method. The critical 
% N of the grain in CI varied slightly from 1.54 to 1.66% 
as P rates increased from 0 to 93 kg P/ha, as N rates at 
YMAX increased from 134 to 166 kg N/ha, as associated % P in 
the grain increased from 0,201 (low) to 0.283, and as corn 
yield increased from 81% to 100% of absolute YMAX. In the 
leaf of CI, critical % N increased from 3.13 to 3.29% as P 
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rates increased from 0 to 93 kg P/ha, as N rates at YMAX 
increased from 136 to 175 kg N/ha, as associated % P in the 
leaf increased from 0.233 to 0.311, and as yield increased 
from 79% to 100% of YMAX. All of these simultaneous changes 
as P rates are increased show the complexity of the inter­
relationships involving yield and plant composition. 
Critical P percentages 
Very little has been reported on the relationship be­
tween corn yield and the P concentration in the grain from 
which the critical % P of the grain could be estimated. 
There is considerable information about critical % P in the 
leaf. Thus, the grain samples used for N analyses were 
also analyzed for P. The NP experiments were ideal for de­
termining the critical % P of the grain as well as that of 
the leaf at various levels of N fertilizer. 
The critical % P, P rate associated with YMAX, and YMAX 
computed at different N fertilizer levels for each site-year 
by the two-step and graphical methods for the grain and leaf 
are given in Tables 21 and 22 for first-year (CI) and second-
year (C2) corn in the rotation, respectively. For the two-
step method, critical % P values could not be calculated for 
C2 in 1978 at the GPRC and in 1979 at the MRC because the 
yield regressions had a mini-max response surface. For the 
graphical method, critical values were not calculated at 
the Nq level for 01 in 1978 at the GPRC and for C2 in 1979 
Tablé 21. Effect of N fertilizer rates on critical % P in the grain and leaf of 
first-year corn as determined by two methods (NP experiments at the 
GPRC and MRC) 
EXPNO 
and 
YEAR^ 
N 
level 
(kg/ha) 
Two-step method 
P at 
YMAX YMAX 
(kg/ha) (q/ha) 
Critical 
PGR 
% 
PL 
% 
Graphical method 
P at 
YMAX YMAX 
(kg/ha) (q/ha) 
Critical 
PGR 
% 
PL 
% 
14-75 
15-76 
0 54 53.6 .306 .212 101 58.0 .295 .220 
56 70 73.4 .289 .245 50 72.0 .282 .234 
112 87 86.6 .276 .270 101 88.5 .276 .274 
168. 103 93.1 .265 .285 101 91.5 .270 .278 
195b 111 93.9 .261 .290 _c — — — 
0 77 62.4 .280 .264 67 63.0 .276 .269 
56 70 69.4 .276 .294 84 67.8 .284 .294 
112 63 73.9 .274 .310 67 76.5 .275 .302 
168, 56 75.8 .296 .309 84 78.0 .292 .312 
182^ 55 75.9 .277 .306 - - - -
a^ EXPNO 14-18 was from GPRC; EXPNO 24 was from MRC. 
^This and other values on the same line are those associated with the 
absolute YMAX. 
'Not possible to calculate or estimate. 
Table 21. (Continued) 
Two-step method Graphical method 
and 
YEAR 
N 
level 
(kg/ha) 
P at 
YMAX 
(kg/ha) 
YMAX 
(q/ha) 
Critical 
YMAX 
(kg/ha) 
YMAX 
(q/ha) 
Critical 
PGR 
% 
PL 
% 
PGR 
% 
PL 
% 
16-77 0 69 70.0 .304 .271 84 67.2 .304 .265 
56 76 78.1 .300 .309 84 78.0 .290 .313 
112 82 83.3 .297 .329 84 82.0 .300 .327 
168 88 85.7 .295 .331 84 83.2 .288 .320 
188^ 91 85.9 .295 .327 — — — — 
17-78 0 11 59.2 .258 ,208 • — — — 
56 47 68.6 .305 .277 67 76.0 .316 .301 
112 82 75.0 .317 .303 67 73.5 .303 .296 
168. 117 78.0 .293 .288 67 82.0 .296 .266 
192* 133 78.3 .272 .268 — — — — 
18-79 0 80 83.7 .294 .309 84 82.2 .291 .301 
56 78 90.3 .283 .345 84 88.0 .277 .346 
112 76 92.8 .279 .363 84 91.0 .285 .370 
168, 74 91.4 .280 .362 67 93.0 .273 .338 
119^ 76 92.8 .279 .364 — — — — 
24-79^ 0 81 67.2 .322 — 67 69.0 .325 — 
56 80 75.8 .323 - 84 78.0 .322 -
112 80 79.3 .316 - 84 76.0 .315 -
168, 79 77.6 .302 - 84 77.8 .298 -
122^ 80 79.4 .314 
• 
^Corn leaves were not sampled. 
Table 22. Effect of N fertilizer rates on critical % P in the grain and leaf of 
second-year corn as determined by two methods (NP experiments at the 
GPRC and MRC) 
Two-step method Graphical method 
EXPNO 
and 
YEAR 
N 
level 
(kg/ha) 
P at 
YMAX 
(kg/ha) 
ÏMAX 
(q/ha) 
Critical P at 
YMAX 
(kg/ha) 
YMAX 
(q/ha) 
Critical 
PGR 
% 
PL 
% 
PGR 
% 
PL 
% 
14-75 0 64 43.8 .302 .187 34 45.5 .280 .188 
56 84 65.1 .277 .217 101 70.0 .278 .212 
112 103 78.9 .262 .240 101 79.5 .266 .248 
168^ 123 85.2 .259 .255 101 82.5 .264 .250 
186° 129 85.6 .260 . .258 _c — — — 
15—76 0 34 43.7 .268 .232 17 42.5 .235 .220 
56 51 52.7 .263 .264 50 53.5 .258 .258 
112 69 58.9 .259 .288 67 59.5 .246 .294 
168^ 86 62.6 .256 .303 50 63.5 .241 .281 
218° 102 63.7 .255 .309 - — — -
^EXPNO 14-18 were from GPRC; EXPNO 24 was from MRC. 
^This and other values on the same line are those associated with the 
absolute YMAX. 
c Not possible to calculate or estimate. 
Table 22. (Continued) 
EXPNO 
and 
YEAR 
N 
level 
(kg/ha) 
Two-step method Graphical method 
P at 
YMAX YMAX 
(kg/ha) (q/ha) 
Critical 
PGR 
% 
PL 
% 
P at 
YMAX YMAX 
(kg/ha) (q/ha) 
Critical 
PGR 
% 
PL 
% 
16-77 0 129 55.3 .343 .252 50 50.8 .306 .243 
56 142 74.3 .231 .278 84 75.0 .312 .291 
112 155 83.9 .307 .288 67 82,0 .302 .306 
168, 169 84.3 .301 .285 84 81.5 .298 .306 
142^ 162 85.3 .302 .289 —  • — — — 
17-78 — — — — — 17 42.8 .250 .194 
56 — —  - - - 101 64.0 .302 .298 
112 - - - - 101 76.0 .293 .301 
168 101 77.0 .305 .307 
18-79 0 81 53.1 .313 .263 101 62.0 .310 .268 
56 100 73.4 .279 .283 34 74.5 .241 .272 
112 119 86.9 .257 .304 67 85.0 .244 .303 
168 137 93.6 .246 .324 101 92.5 .268 .329 
196^ 146 94.5 .245 .335 —  — — — 
24-79^ 0 — — — — — — — — 
56 - - - - 84 68.5 .312 -
112 - - - - 84 75.2 .300 -
168 - - - - 34 74.0 .278 -
orn leaves were not sampled. 
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at the MRC because little or no yield response to P fer­
tilizer occurred at this level of N. The procedures and 
presentation of the results for critical P percentages are 
similar to those for critical N percentages in the preced­
ing section. 
With increasing N rates for CI, critical % P in the 
grain calculated by the two-step method decreased slightly 
in four site-years, had a large decrease in EXPNO 14, and 
increased initially and then decreased in EXPNO 17 (Table 21). 
The critical % P calculated by the graphical method showed 
similar trends except in EXPNO 17. Critical % P in the 
leaf of CI calculated by both methods increased with in­
creasing N rates except in EXPNO 17 (Table 21). The in­
creases in critical % P in the leaf were much larger than 
the decreases in the grain. The critical % P values of 
the grain and leaf for CI calculated at the absolute YMAX 
were similar to those calculated at comparable fixed levels 
of N. 
In C2 with increasing N rates, critical % P of the grain 
calculated by the two-step method had a large decrease in 3 
of the 4 site-years in which critical % P could be cal­
culated (Table 22). The changes in critical % P of the 
grain calculated by the graphical method were more variable 
with increasing N rates. With both methods, critical % P 
in the leaf of C2 increased markedly with increasing N rates 
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in all site-years. At the absolute YNAX, critical % P 
values of grain were similar to and those of leaf were 
slightly higher than those at the highest fixed level of N 
fertilizer (Table 22). 
The average critical % P values of the grain and leaf 
computed by both methods for the four levels of N fertilizer 
and for CI and C2 are given in Table 23. The average P at 
YMAX, YMAX, associated % N for each critical % P, and values 
associated with the absolute YMAX are also listed in Table 
23. Only the site-years shown in Tables 21 and 22 that had 
estimated critical % P for all four N levels were included 
except that data from EXPNO 17 in 1978 were omitted from all 
averages because the trends in critical % P were much differ­
ent from the others. The average critical % P of the grain 
decreased and those of the leaf increased in all comparisons 
as N rates increased. The changes in the critical % P of 
the grain were considerably less than those of the leaf with 
increasing N rates. 
To test the significance of the changes in critical % P 
with increasing N rates, an AOV of critical % P was run for 
each group as was done for critical % N in the preceding 
section. The AOV for each group is given in Table 24. The 
N fertilizer level had a linear and highly significant effect 
on the critical % P in most groups (Table 24). Although the 
trends in critical % P with increasing N rates showed some 
Table 23. Effect of N fertilizer rates on average critical % P in the grain and 
leaf as determined by two methods (NP experiments at the GPRC and MRC) 
Two-step method Graphical method 
N P at Associ- P at Associ­
level •YMAX YMAX Critical ated YMAX YMAX Critical ated 
(kg/ha) (kg/ha) (q/ha) % P % (kg/ha) (q/ha) % P % 
Grain—CI (n=5)^ 
0 72 67.4 .301 1.32 81 67.9 .298 1.32 
56 75 77.4 .294 1.48 77 76.8 .291 1.48 
112 76 83.2 .288 1.58 84 82.8 .290 1.59 
168. 80 84.7 .284 1.63 84 84.7 .284 1.63 
161^ 83 85.6 .285 1.65 
Grain—C2 (n=4) 
0 77 49.0 .306 1.30 50 50.2 .283 1.27 
56 94 66.4 .285 1.46 67 68.2 .272 1.46 
112 112 77.2 .271 1.59 76 76.5 .264 1.53 
168^ 129 81.4 .266 1.69 84 80.0 .268 1.63 
186^ 135 82.3 .266 1.71 
^Calculated from the NGR and NL regressions using the N and P levels associ­
ated with the critical % P. 
^Associated with the P treatment(s) used to obtain the critical % P. 
^Number of site-years in the averages for both methods. 
J 
This and other values on the same line are those associated with the 
absolute YMAX. 
Table 23. (Continued) 
S 1 1 method Graphical method 
N P at Associ­ P at Associ­
level YMAX YMAX Critical ated YMAX YMAX Critical ated 
kg/ha) (kg/ha) (q/ha) % P % N (kg/ha) (q/ha) % P % N 
Leaf—Cl (n=4) 
0 70 67.4 .264 2.54 84 67.6 .264 2.56 
56 74 77.8 .298 2.97 76 76.4 .297 2.98 
112 77 84.2 .318 3.21 84 84.5 .318 3.21 
168^ 80 86.5 .322 3.27 84 86.4 .312 3.22 
171^ 83 87.1 .322 3.27 
Leaf—C2 (n=4) 
0 77 49.0 .234 2.14 50 50.2 .230 2.24 
56 94 66.4 .260 2.68 67 68.2 .258 2.71 
112 112 77.2 .280 3.02 76 76.5 .288 3.06 
1681 129 81.4 .292 3.17 84 80.0 .293 3.19 
186^ 135 82.3 .298 3.23 - - — -
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Table 24. Analysis of variance of critical P percentages on 
site-years and N fertilizer levels (NP experi­
ments, GPRC iand MRC) 
Source of 
variation df 
Two-step method 
MS F 
Graphical method 
df MS 
Grain—CI 
site-years 4 0.00098 22.2** 4 0.00088 12.4** 
N rates 3 0.00028 6,4** 3 0.00016 2.3+ 
Nt 1 0.00081 18.3** 1 0.00046 6.5* 
Error 12 0.000044 - 12 0.000071 
Grain—C2 
Site-years 
N rates 
NL 
Error 
3 
3 
1 
9 
0.00244 
0.00133 
0.00359 
0.000102 
24.1** 
13.1** 
35.9** 
3 
3 
1 
9 
0.00243 
0.00025 
0.00056 
0.000320 
7.6** 
0 . 8  
1.8 
Leaf—CI 
Site-years 
N ratés 
NL 
Error 
3 
3 
1 
9 
0.00579 
0.00279 
0.00753 
0.000032 
179.1** 
86.4** 
232.8** 
3 0.00520 38.4** 
3 0.00237 17.5** 
1 0.00563 40.7** 
9 0.000136 
Leaf—C2 
Site-years 
N rates 
NL 
Error 
3 0.00345 
3 0.00259 
1 0.00755 
9 0.000069 
50.0** 
37.6** 
109.5** 
3 0.00384 34.3** 
3 0.00333 29.8** 
1 0.00933 83.5** 
9 0.000112 
133 
curvilinearity, the quadratic N effect had no or very little 
significance on critical % P in the AOV. Site-years had a 
highly significant effect on critical % P in all groups; this 
•was probably due largely to weather variations. 
The effects of N rates on critical % P of the grain and 
leaf are illustrated by the following contrasts in Table 23 
computed by the two-step method. The critical % P in the 
grain of C2 decreased from 0.306 to 0.266 as N rates increased 
from 0 to 186 kg N/ha, as P rates at YMAX increased from 77 
to 135 kg P/ha, as associated % N in the grain increased 
from 1.30 to 1.71%, and as corn yield increased from 60% to 
100% of YMAX. In the leaf of C2, critical % P increased 
from 0.234 to 0.298% as associated % N in the leaf increased 
from 2.14 to 3.23% and as N and P rates and corn yield 
changed the same as given in the preceding sentence. 
In summary, the results from the NP rates experiments 
showed that the average critical % N of the corn grain and 
leaf increased slightly and significantly as P fertilizer 
rates increased. The effect of P rates on critical % N was 
primarily linear. These trends calculated by both the 
two-step and graphical methods were similar. The effect 
of P fertilizer levels on critical % N varied considerably, 
however, among site-years. 
Average critical % P of grain decreased significantly 
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and those of the corn leaf increased significantly as N 
fertilizer rates increased. The N fertilizer effect on 
critical % P was primarily linear. Its effect on critical 
% P was larger proportionately, particularly in the leaf, 
than the effect of P fertilizer on critical % N. 
These relationships between critical % N and % P at 
yield levels below the absolute YMAX (from the optimum 
combination of N and P fertilizers) agree with the results 
of Dumenil (1961) and Voss et al. (1970), who reported 
that the critical % N and % P varied, depending on the 
level of the other nutrient. If the other factors are ade­
quate or nearly adequate for maximum yield, the critical 
nutrient percentage with respect to rates of that nutrient 
then will have a constant value or a narrow range of values 
as Macy (1936) and Ulrich (1952) postulated. 
NK Rates Experiments 
The mean yields and leaf composition data for all treat­
ments of the NK experiments at the CWRC from 1967 through 
1973 are given in Appendix Table B2. Yields were increased 
by the N treatments but K fertilizer had little effect on 
yield except at the highest N rate. 
The mean yields of the N fertilizer treatments at fixed 
levels of K fertilizer were used to estimate critical % N 
by the graphical method. The highest level of K, 359 kg K/ 
135 
ha, was excluded from these calculations and from all 
others because it was so much higher than the rate associ­
ated with YMAX. By 1975, the soil test K level of this 
treatment was very high (Table 16) due to cumulative effects 
of K additions. 
The multiple regression equations of YIELD and NL on 
N and K fertilizer rates are listed in Appendix Table A13 
2 for each experiment. The R -values of the YIELD equations 
varied from 0.67 to 0.92; most were greater than 0.87. In 
all regressions, corn yield showed a highly significant and 
decreasing marginal response to N rates; the K fertilizer had 
a significant effect on yield only in the last three years. 
In 4 of the 7 years, the K rate associated with "ÏMAX could 
not be calculated at some or all N levels. 
2 The R of the regressions of NL on N and K rates 
(Appendix Table A13) varied from 0.72 to 0.93; most were 
greater than 0.90. In all regressions except one, N fer­
tilizer had a positive, highly significant, and curvilinear 
effect on NL which increased at a decreasing rate with in­
creasing N rates. The K fertilizer had a negative effect 
on NL which was linear in most experiments; the K linear 
effect on NL was significant in 5 of the 7 experiments. 
The critical % N of the leaf, N rate associated with 
YMAX, and YMAX computed at different K levels for each 
site-year by the two-step and graphical methods are given 
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in Table 25. With the two-step method, the critical % N 
decreased slightly with increasing K rates. The calculated 
N rates associated with "YMAX varied some from year to year 
but very little with increasing K rates. The critical % N 
levels, associated N levels at YMAX, and YMAX were more 
variable with the graphical method because of the low yield 
response to K fertilizer. 
The average critical % N, N at YMAX, and YMAX over all 
site-years at various K fertilizer levels calculated by 
both methods are given in Table 26, The AOV of critical % N 
on site-years and K rates, including the linear effect of K, 
are given in Table 27. The slight linear decrease of criti­
cal % N with increasing K level was highly significant with 
the two-step method. The highly significant difference 
among site-years was due, in part, to weather differences. 
N*PK Rates Experiment 
The mean yields and grain and leaf composition data for 
all treatments in the N*PK rates experiment at the Old 
Agronomy Farm are given in Appendix Tables B8 and B9. 
The multiple regression equations of YIELD, NGR, and 
NLl on N and PK rates for 1975-1976 and 1978-1979 are pre-
sented in Appendix Table A14. The R values for all were 
greater than 0.87, In the multiple regression equations of 
YIELD on N and PK fertilizers, N had positive curvilinear 
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Table 25. Effect of K fertilizer rates on critical % N in 
the leaf as determined by two methods (NK experi­
ments at the CWRC) 
Two-step Graphical 
EXPNO K N at N at 
and level YMAX YMAX Critical YMAX YMAX Critic: 
YEAR (kg/ha) (kg/ha)(q/ha) % N (kg/ha)(q/ha) % N 
1-67 0 250 103.2 2.84 269 94 2.73 
45 250 103.9 2.77 134 100 2.53 
90 250 104.4 2.72 269 101 2.67 
179 249 104.5 2.67 269 100 2.67 
2-68 0 243 103.5 2.77 179 93 2.60 
45 244 104.6 2.74 179 97 2.61 
90 246 105.5 2.71 179 101 2.63 
179 250 107.0 2.69 179 100 2.51 
29-69 0 313 99.6 2.51 269 93 2.39 
45 314 98.6 2.50 269 94 2.36 
90 316 97.9 2.49 359 101 2.54 
179 318 97.5 2.45 359 98 2.63 
30-70 0 252 81.2 2.90 269 69 2.68 
45 254 82.6 2.84 179 81 2.58 
90 257 83.6 2.79 359 80 2.67 
179 262 84.7 2.72 269 82 2.62 
31-71 0 273 109.4 3.05 359 99 3.00 
45 278 109.0 2,99 269 102 2.80 
90 282 108.8 2.94 269 104 2.90 
179 291 108.9 2.88 269 102 2.74 
32-72 0 255 95.4 3.04 269 84 3.02 
45 259 96.8 3.01 269 90 2.94 
90 263 98.0 2.99 269 92 2.92 
179 270 99.8 2.96 269 94 2.95 
3-73 0 253 84.5 2.78 359 77 2.86 
45 257 85.7 2.76 269 80 2.66 
90 261 86.9 2.75 269 82 2.67 
179 269 89.0 2.72 359 88 2.80 
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Table 26. Effect of K fertilizer rates on average critical 
% N in the corn leaf as determined by two methods 
(NK experiments, CWRC) 
Two-step method Graphical method 
K N at N at 
level YMAX YMAX Critical YMAX YMAX Critical 
(kg/ha) (kg/ha) (kg/ha) % N (kg/ha) (kg/ha) % N 
0 263 96,4 2.84 282 87.0 2.75 
45 265 97.1 2.80 224 92.0 2,64 
90 268 98.0 2.77 282 94.4 2,71 
179 273 98.8 2.73 282 94.8 2,70 
Table 27, Analysis of variance of critical % N on site-
years and K fertilizer levels (NK experiments, 
CWRC) 
Two-step method Graphical method 
source or 
variation df MS F df MS F 
Site-years 6 ,1156 192,5** 6 ,1077 17,3** 
K rates 3 ,0164 27,3** 3 ,0156 2,52++ 
(1) ,0490 81,6** (1) ,0022 0,36 
Error 18 ,000601 - 18 ,00622 — 
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effects with decreasing marginal returns in all years, PK 
had a positive linear effect in two years and an initial 
negative effect in the other two years which became positive 
at N rates above 35 kg N/ha, and the positive N*PK inter­
action was significant in all years. 
In the multiple regression equations of NGR and NLl on N 
and PK fertilizers (Appendix Table A14), N had a positive, 
curvilinear effect on both with decreasing marginal returns 
and PK fertilizer generally had a negative effect on the % N 
in both the grain and leaf. 
The critical % N values of the corn grain and leaf are 
presented in Table 28. Critical % N of the grain calculated 
by the two-step method decreased slightly in 3 of the 4 
years in the presence of the PK fertilizer. In 1979, 
critical % N of the grain increased but that of the leaf de­
creased slightly with the PK fertilizer. An AOV of the re­
sults was not run because the effect of PK on critical % N 
of the grain was obviously nonsignificant. 
The P fertilizer increased critical % N in the leaf in 
the MP rates experiments but K fertilizer decreased critical 
% N in the leaf in the NK rates experiments. The PK combina­
tion had little or no effect on critical % N in the leaf in 
the one experiment at the OAF. If P and K fertilizers have 
opposite effects on critical % N in the leaf, the effects of 
a PK combination on critical % N could be variable depending 
on the ratio of the two fertilizer nutrients. 
Table 28, Effect of PK fertilizer on the critical % N in the corn grain and leaf 
as determined by two methods (N*PK experiments, OAF) 
Two-step method Graphical method 
EXPNO 
and 
YEAR 
PK 
level 
(kg/ha) 
N at 
YMAX 
(kc^ha) 
YMAX 
(q/ha) 
Critical N at 
YMAX 
(kg/ha) 
YMAX 
(q/ha) 
Critical 
NGR 
(%) 
NLl, 
(%)* 
NGR 
(%) 
NLl 
(%)* 
25-75 0-0 131 54.7 1.53 134 50.8 1.53, 
67-67 221 83.9 1.42 — 179 82.0 1.40% — • 
26-76 0-0 131 57.4 1.50 — 179 53.3 1.54 — 
67-67 186 84.6 1.47 — 179 84.2 1.48 — 
27-78 0-0 180 64.4 1.53 — 179 61.2 1.53 — 
67-67 205 84.2 1.47 — 224 79.7 1.50 — 
28-79 0-0 190 78.9 1.51 3.29 179 75.0 1.52 3.19 
67-67 230 93.4 1.56 3.23 269 91.3 1.63 3.16 
^Corn leaves were sampled in 1979 only. 
^Value appears to be low because YMAX was probably not attained. 
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SUMMARY AND CONCLUSIONS 
The objectives of this part of the study were to deter­
mine the effects of P and K fertilizers on critical N per­
centages (critical % N) and the effects of N fertilizer on 
critical P percentages (critical % P) both of the corn grain 
and leaf. 
The experimental data used in this study were from: 
(1) five site-years and both corn crops of the Cl-C2-soybean 
rotation from the NP rates experiment at the Galva-Primghar 
Research Center, (2) one site-year and both corn crops from 
the NP experiment at the Moody Research Center, (3) seven 
site-years of continuous corn from the NK rates experiment 
at the Clarion-Webster Research Center, and (4) four site-
years of continuous corn from the N*PK rates experiment at 
the Old Agronomy Farm. 
Critical % N and % P values were calculated by the two-
step and graphical methods. For the two-step method, mul­
tiple regressions for each experiment were computed for 
yield and nutrient concentration of N or P of the grain and 
leaf on the linear or quadratic function of N, P, K, or PK 
fertilizer rates included in the experiment plus the inter­
actions between fertilizer variables. Critical % N and % P 
values were calculated for fixed levels of the second nutri­
ent element in order to study the effect of this second 
nutrient on the calculated critical nutrient values. Also, 
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critical % N and % P values were computed for the maximum 
yield of the two-variable yield response surface on N and 
P fertilizer rates for the NP rate experiments. 
For the graphical method, critical % N and % P values 
were calculated from the treatment means at the different 
fixed fertilizer levels. 
Average critical values of one nutrient at each experi­
mental level of the second fertilizer nutrient were calcu­
lated over all experiments to determine the trends of the 
critical nutrient level at increasing rates of the other 
variable. Analyses of variance of the critical values at 
different fertilizer levels in the individual experiments 
were computed to determine the statistical significance of 
these trends. 
In the NP rate experiments, the critical % N of the 
grain and leaf in both corn crops increased slightly but 
significantly at the 1% to 15% levels as P fertilizer levels 
increased. As P fertilizer increased from 0 to lOl kg P/ha, 
the critical % N, averaged over both corn crops, increased 
0.08% in both the grain and leaf, as calculated by the two-
step method (Table 19). 
The effects of P fertilizer rates on critical % N of 
the grain and leaf are illustrated by the following contrasts 
computed by the two-step method (Table 19). The critical %N 
of the grain in CI varied from 1.54 to 1.66% as P rates in­
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creased from 0 to 93 kg P/ha, as N rates at YMAX increased 
from 134 to 166 kg N/ha, as associated % P in the grain in­
creased from 0.201 (low) to 0.283, and as corn yield in­
creased from 81% to 100% of YMAX. In the leaf of CI, 
critical % N increased from 3.13 to 3.29% as P rates in­
creased from 0 to 93 kg P/ha, as N rates at YMAX increased 
from 136 to 175 k N/ha, as associated % P in the leaf in­
creased from 0.233 to 0.311, and as yield increased from 
79% to 100% of YMAX. All of the above simultaneous changes 
as P rates were increased show the complexity of the inter­
relationships involving yield and plant composition. The Pq 
plots of the soil tested very low in P (Table 16) although 
yields of about 80% of YMAX indicated a somewhat higher 
availability of soil P, part of which may have come from the 
subsoil. 
Critical % P values of corn grain have not been reported 
in the literature but those of the corn leaf have been re­
ported frequently. Based on the calculated critical % P 
values of the grain found in this study, they can be used to 
evaluate the P fertilizer status of the corn crop and soil, 
provided the N concentrations in the grain also are 
considered. 
In the NP rates experiments, the critical % P of the 
grain decreased significantly and those of the leaf increased 
highly significantly as N fertilizer rates increased. As N 
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fertilizer increased from 0 to 168 kg N/ha, the critical 
% P, averaged over both corn crops, decreased 0,028% in the 
grain and increased 0,058% in the leaf, as calculated by the 
two-step method (Table 23), Thus, the effects of N fertilizer 
on critical % P were less in the grain than in the leaf, The 
largest changes in critical % P generally occurred from the 
first increment of N fertilizer. 
As calculated by the two-step method (Table 23), the 
critical % P of the grain in C2 decreased from 0,306 to 
0,266 as N rates increased from 0 to 186 kg N/ha, as P rates 
at YMAX increased from 77 to 135 kg P/ha, as associated % N 
in the grain increased from 1,30 to 1,71%, and as corn yield 
increased from 60% to 100% of absolute YMAX. In the leaf of 
C2, critical % P increased from 0,234 to 0,298% as associated 
% N in the leaf increased from 2,14 to 3,23% and as N and P 
rates and corn yield changed the same as given in the pre­
ceding sentence. 
These relationships between critical % N and % P at 
yield levels below the absolute YMAX (from the optimum com­
bination of N and P fertilizers) agree with the results of 
Dumenil (1961) and Voss et al, (1970) who reported that the 
critical % N and % P varied, depending on the level of the 
other nutrient. If the other factors are adequate or nearly 
adequate for maximum yield, the critical nutrient percentage 
than will have a constant value or narrow range of values as 
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Macy (1936) and Ulrich (1952) postulated. 
In the seven NK experiments from the CWRC, critical % N 
in the leaf decreased slightly but significantly as K fer­
tilizer level increased. The critical % N of the leaf com­
puted by the two-step method decreased 0.11% N as K in­
creased from 0 to 179 kg K/ha (Table 26), In these experi­
ments, K fertilizer had little effect on yield. 
In the four N*PK experiments from the OAF, the PK fer­
tilizer had no significant effect on critical % N on the 
average. The effect of increasing P and K fertilizer rates 
on critical % N could not be determined because only one rate 
of the two nutrients was included in the experimental design. 
In all analyses of variance, site-years had highly sig­
nificant effects on the critical nutrient percentages; these 
effects probably were due to weather variations. The weather 
factors will be investigated in the next part of this study. 
Since the N, P, and K fertilizers appeared to have dif­
ferential effects on the critical % N and % P of the grain 
and leaf, critical nutrient percentages should be studied 
at varying rates of all three fertilizers. For example, if 
P fertilizer increases critical % N and K fertilizer de­
creases it in the leaf, various combinations of the two may 
have either positive or negative effects on the critical % N. 
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PART III. EFFECTS OF SOME MANAGEMENT AND ENVIRONMENTAL 
FACTORS ON CRITICAL NUTRIENT CONCENTRATIONS 
147 
INTRODUCTION 
Nutrient concentrations in corn grain and leaf may be 
influenced by soil, management, and environmental factors. 
Any factor that influences the yield - nutrient concentration 
relationship may theoretically have some effect on critical 
nutrient levels. 
Many soil and crop management factors may affect the 
yield - nutrient concentration relationships of plants 
(Goodall and Gregory, 1947j Dumenil, 1958; Voss, 1962, 1969; 
Bates, 1971). Some management factors other than fertiliza­
tion and manuring that influence nutrient concentrations and 
may affect critical nutrient levels include date of planting, 
plant density, hybrid varieties (Russell and Pierre, 1980; 
Coffman, 1981), tillage methods, liming, and crop sequence 
or rotation. Soil factors may have direct effects on nutri­
ent concentrations or indirect effects through their effects 
on nutrient availability and moisture stress. 
The environmental factors that may influence the yield -
nutrient relationship include: climatic factors such as 
moisture stress and excess moisture; corn insect damage, pri­
marily from corn borer and corn rootworm; corn diseases such 
as stalk rots and leaf diseases; and barrenness which may be 
caused by one factor or a combination of factors. 
There is only limited research, however, as to which of 
these factors affect and the degree to which they affect the 
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critical nutrient percentages. Most of the limited research 
has been on critical nutrient levels of vegetative parts, 
such as the corn leaf. Several of these references will be 
reviewed briefly. 
Lundegardh (1951) concluded from many experiments with 
small grains that the index or content values, S (Speigel-
werten), of the plant nutrients were partly dependent on 
rainfall as well as on the levels of other nutrients. 
Voss (1962) combined data from 18 NPK fertilizer experi­
ments on the Clarion, Nicollet, and Webster soil series by 
regressing corn yield and N, P, and K concentrations in the 
leaf on fertilizer rates, soil test variables, stand level, 
date of planting, hybrid yield potential (variety effect), 
and moisture stress days in four periods. These four periods 
were: (5 weeks after planting), Dg (next 4 weeks), Dg 
(next 3 weeks which included 1 week each before, during, and 
after the silking period), and (next 6 weeks). Although 
he did not regress yield directly on nutrient concentrations 
so that critical nutrient concentrations could be calculated 
at YMAX, the regressions of yield and concentration of each 
nutrient can be used to estimate critical levels by the two-
step method. 
More interactions of higher significance occurred be­
tween fertilizer rates and soil pH, stand, date of planting, 
yield potential, and stress days on leaf P than on leaf N 
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content (Voss, 1962). These indicated that critical P per­
centages would be affected more than critical N by these 
variables. All five uncontrolled variables had significant 
effects on yield and either leaf N or P or both. If the ef­
fects of these on yield and leaf nutrient content show the 
same direction and relative rate of change, critical nutri­
ent levels should not be affected; if not, they could be af­
fected. The interactions between the uncontrolled variables 
and fertilizer rates on both yield and the leaf nutrient 
level probably will affect the critical nutrient levels. 
These interactions with fertilizer rates or soil test levels, 
as reported by Voss (1962), included: (1) yield potential 
and stress days on % N and (2) pH, stand, date of planting, 
yield potential, and stress days on % P. 
The stress days variables had more effect on leaf P than 
leaf N. The Dg and Dg periods and their interaction sig­
nificantly affected leaf N. The Dg and Dg periods and the 
^1*^2 ^2*^3 interactions had highly significant effects 
on leaf P. D^, the late season stress, had no significant 
effects on yield or nutrient contents. Dumenil (1967), using 
the regressions of Voss (1962), calculated the effects of the 
maximum number of stress days on % N and % P in the leaf. At 
very low soil test levels and with 179 kg N/ha and 78 kg P/ha 
(close to the rates associated with YMAX without moisture 
stress), the maximum moisture stress observed reduced % N 
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from 2.9 to 2,2% and % P from 0.32 to 0,18%, These showed 
that severe stress reduced the critical % N proportionately 
less than the critical % P. 
Voss et al. (1970) regressed corn yield on leaf N, P, 
and K concentrations, rotation, plant density, soil yield 
potential, a moisture stress index, and their interactions 
by the direct method, using data from 23 NPK fertilizer ex­
periments in western Iowa. They found that % N and % P in 
the leaf at the predicted YMAX or 95% of YMAX varied with 
past cropping, plant density, soil yielding potential, and 
moisture stress. 
Voss (1969) also included barrenness in the regressions; 
it had very highly significant effects on yield and leaf % N 
and only a slight effect in leaf % P. In the regression of 
yield on leaf nutrient levels, barrenness had a very highly 
significant effect on yield. No interactions between 
barrenness and leaf nutrient levels were tested but the very 
marked effect of barrenness on yield in this study and others 
(Pena-Olvera, 1979; Sridodo, 1980) indicates that several 
would be important. Barrenness integrates the adverse ef­
fects of several management and environmental factors on 
yield. 
Of the several factors that may influence critical per­
centages, the management factors of corn sequence in a corn-
corn- soybean rotation in one experiment and plant density in 
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another experiment, and the climatic factor of moisture 
stress in all experiments will be determined in this part 
of the study. 
The effect of the legume in the crop rotation on 
nutrient concentrations was discussed briefly by Dumenil 
(1958). The primary benefit of the legume meadow in the 
rotation is supplying N for the following corn crop. Yields 
of first-year corn following meadow generally have been 
higher than those of continuous corn fertilized with N. In 
the corn-soybean rotation, corn yields generally have been 
higher than those of continuous corn even at high levels of 
N fertilizer. 
Several researchers are investigating why the yield of 
heavily fertilized continuous corn is less than that of corn 
in a sequence following some other crop. Two factors sus­
pected of causing lower yields of corn following corn or in 
continuous corn are corn rootworm damage and possibly an in­
crease in diseases, particularly in continuous corn. In­
secticides do not give complete control of a heavy corn root-
worm infestation; the remaining rootworm population may be 
high enough to cause considerable damage to the root systems 
and limit their capacity to absorb nutrients. 
There is little information other than that from Voss 
et al. (1970) on the effect of crop rotation or sequence on 
critical nutrient levels. "However, since N fertilizer rate 
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had an effect on critical P concentrations (Part II of this 
study), the rotation may affect critical nutrient levels 
through its influence on N availability. 
Barley and DeTurk (1948) found that the two major 
factors causing a decrease in protein content of corn were 
a decrease in available N and an increase in planting rates 
or plant density. They concluded from a limited amount of 
data, however, that increased plant density decreased protein 
or N percentage only when N was inadequate for maximum yield 
at the higher planting rates. In their data, the critical 
N percentage at the highest plant density was less than at 
lower densities, but the highest rate of N applied was insuf­
ficient for maximum yield. Zuber et al. (1954) showed no sig­
nificant decrease in critical N level in grain with increas­
ing plant density (Pierre et al., 1977a). 
For the leaf, Tyner (1947) mentioned that increased 
stand levels decreased the N content of the corn leaf. The 
effects of plant density on yields, leaf nutrient levels, and 
critical N and P levels reported by Voss (1962) and Voss 
et al. (1970) were discussed previously. 
Bates (1971) summarized many published reports about the 
effects of environmental factors on critical nutrient con­
centrations of the corn leaf. He stated that weather and 
weather-affected variables such as excess soil moisture or 
moisture stress have two opportunities to affect plant 
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analysis as a diagnostic tool. They may affect the nutri­
ent concentration at the time plant samples are taken and, 
later, they may affect the response to applied nutrients. 
Shaw (1974) stated that moisture stress is the major weather 
factor that causes corn yield reductions in Iowa. 
Regarding the effect of moisture stress on critical N 
concentration in corn grain, Pierre et al. (1977a) mentioned 
that it may be slightly higher under stress than under ade­
quate moisture conditions. They also mentioned that it is 
difficult to determine the critical N percentage under 
drought conditions. 
For leaf samples, information about the effect of mois­
ture stress on critical nutrient levels is limited. The 
studies of Voss (1962) and Voss et al. (1970) on the effects 
of moisture stress on critical nutrient levels in the corn 
leaf were discussed previously. 
The objectives of this part of the study are; 
1. To determine the effects of first-year and second-
year corn in a corn-corn-soybean rotation on criti­
cal N and P percentages in the corn grain and leaf, 
2. To determine the effects of different plant density 
levels on critical N percentages in the grain and 
leaf, and 
3. To determine the effects of moisture stress before 
and after the silking period and for the season on 
critical N and P percentages in the grain and leaf. 
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PLANS AND PROCEDURES 
Crop Sequence 
The data for the crop sequence effect on critical nutri­
ent percentages came from the NP rates experiment at the 
Galva-Primghar Research Center from 1975 to 1979. This 
experiment was initiated to study the effects of N and P 
fertilizer levels on yields of both first-year corn (Cl) and 
second-year corn (C2) in a corn-corn-soybeans rotation. 
The procedures for calculating the critical N and P . 
percentages (critical % N and % P) in these experiments by 
the two-step regression method were explained in the Plans 
and Procedures chapter of Part II of this study. 
To test the difference between the critical % N of Cl 
and C2, analyses of variance of critical % N in the grain 
and leaf were run of the combined critical N levels at the 
four fixed levels of P fertilizer of both corn crops and of 
individual years. The effects of corn in the rotation and 
its interaction with P fertilizer level on the critical % N 
in the grain and leaf were tested for significance in the 
AOV. The same procedure was followed to test the difference 
between the critical % P in the corn grain and leaf of Cl and 
C2 at fixed levels of N fertilizer. 
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Plant Density 
The data for this study came from the N rate and stand 
level experiment at the Moody Research Center. This experi­
ment -was described previously in the general Plans and Pro­
cedures chapter. Data for calculating the critical % N of 
the grain were available from the three stand levels of 
29,700, 39,500, and 49,400 plants/ha in 1974, 1977, and 1978. 
Data for calculating critical % N in the leaf were available 
from the two stand levels of 29,700 and 39,500 plants/ha in 
1976 and 1977. Because the critical % N appeared to be dif­
ferent in the hybrid variety used in 1979, the data from 
1979 were not included. 
The critical % N in the grain and leaf estimated by 
the two-step regression and graphical methods were computed 
in each experiment by two different procedures. In the first 
one for the two-step method, critical % N values were cal­
culated from the regressions of YIELD, NGR, and NL on N 
rates within each stand level of each experiment. Critical 
% N by the graphical method was estimated from the N treat­
ment means within each stand level. 
In the second way, stand level was included in the re­
gression model as a variable and regressions of YIELD, NGR, 
and NL on N rates and STAND were computed from the combined 
data for each year. From these regressions of combined data, 
the critical % N values were calculated at fixed stand levels. 
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They were based on the best estimates of YIELD, NGR, and NL 
from all data in the experiment and were estimated with 
less error than by using only part of the data as in the 
first procedure. Critical % N by the graphical method was 
then estimated from the estimated yields at fixed stand 
levels. 
In the procedure to calculate critical values by the 
two-step method within individual stand levels, YIELD and 
NGR or NL were regressed, on the quadratic function of N fer­
tilizer. The amount of N fertilizer associated with YMAX was 
substituted into the second regression to calculate the 
critical % N in the grain or the leaf. 
In the procedure to calculate critical % N by the two-
step method using combined data from all stand levels, the 
regressions had this form: 
Y, NGR, and NL = bg + b^N + b^STAND + b^^N^ + 
bggSTAND^ + b^2N*STAND , (29) 
where Y, NGR, and NL are yield, % N in the grain, and % N 
in the leaf, respectively, N is the N fertilizer rates, 
STAND is the two or three stand levels, bg is the intercept, 
and b^, bg, b^^, ^ ^22* ^i2 the coefficients of their 
respective variates in the equation. The STAND variate was 
deleted from the regressions for calculating critical % N 
in the leaf because data from only two stand levels were 
available. 
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The calculations of critical % N in the grain and leaf 
in the two-variable model were done at fixed stand levels by 
simplifying the regression to the quadratic function of the 
N fertilizer variable. The critical % N then was calculated 
as described previously. 
An analysis of variance of corn yield was computed with­
in each stand level or combined over all stand levels in 
order to calculate the least significant difference (LSD) for 
comparing treatment means. These were used to estimate the 
critical % N in the grain and leaf by the graphical method. 
To test the difference between the critical % N in the 
grain among the three stand levels, an analysis of variance 
of the critical % N of the three experiments was computed 
for the two-step and graphical methods and for each of the 
two procedures of estimating critical % N within each experi­
ment. The AOV of the critical % N in the leaf was not com­
puted because of too few observations. 
Moisture Stress 
Two procedures were used to determine the effect of 
moisture stress on critical nutrient percentages. In the 
first procedure, data were combined from one type of experi­
ment into common regressions of YIELD and nutrient concentra­
tion in the grain or leaf on fertilizer rates, moisture 
stress index, and plant density. From these equations. 
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critical % N values in the grain and leaf were calculated for 
different fertilizer and moisture stress levels. In the 
second procedure, critical % N values in the grain and leaf 
calculated for individual experiments by two methods were 
regressed on three moisture stress and other selected 
variables. 
Effect of moisture stress on critical nutrient percentages 
in combined data 
The data available for this part of the study were from 
fertilizer rate experiments# described previously in the gen­
eral Plans and Procedures chapter, as follows: 
1. GPRC, N rates, 1967 and 1973 through 1978 for grain 
samples and 1975 through 1978 for leaf samples, 
2. GPRC, NP rates, 1975 through 1979 for both grain and 
leaf samples of first-year and second-year corn, and 
3. OAF, N*PK rates, 1972 through 1976, 1978, and 1979 
for grain samples only. 
Using only the two-step regression method, the critical 
% N and % P levels in the grain and leaf of first-year (CI) 
and second-year corn (C2) of the NP rate experiment, the 
critical % N in the grain and leaf of the N rates experiment, 
and the critical % N in the grain of the N*PK rate experiment 
were estimated for different levels of moisture stress. The 
moisture stress index, DV, for the 85-day period (from 40 
days before to 45 days after the 75% silking date) was in-
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eluded in the regressions of the combined data over years to 
account for the effects of weather in different years on the 
yield - nutrient concentration relationship. 
For the N rates experiments, the regressions for YIELD 
(Y) and N concentration were derived from individual plot 
data (or from treatment means in the final models) by combin­
ing the data for grain samples and leaf samples using this 
model: 
Y and % N = b^ + b^N + bgDV + b^^N^ + b^2N*DV , (30) 
where Y and % N in the grain or leaf are the dependent vari­
ables, N is the N fertilizer rate, and DV is the moisture 
stress index for the 85-day period. A plant density vari­
able was included in the initial models to account for minor 
variations in plant density but it was deleted because of 
nonsignificance. 
For the NP experiments, the regressions of YIELD and N 
and P concentrations were derived from individual plot data 
by combining separately the 5 years of data for each corn 
crop in the rotation, using this model; 
2 
Y, % N, and % P = bg + b^^N + b^P + b^DV + b^^N + 
bggP^ + b^gWap + b^gN*DV + b2gP*DV , (31) 
where Y and % N and % P in the grain or leaf are the depen­
dent variables, N and P are the N and P fertilizer rates, and 
DV is the moisture stress index. A plant density variable 
was also included in the initial models but it was deleted 
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because of nonsignlficance. 
For the N*PK rates experiments, the regressions of YIELD 
and N concentration in the grain were derived from individual 
plot data by combining 7 years of data, using this model; 
Y and % N = bg + b^N + bgPK + bgPLDEN + b^DV + b^^N^ + 
b^gNAPK + b^^N*DV + bg^PKtDV , (32) 
where Y and % N are the dependent variables, N and PK are the 
N and PK fertilizer rates, PLDEN is the plant density at the 
time of harvest, and DV is the moisture stress index. PLDEN 
was included to account for the variability in plant popula­
tion primarily among years. 
The calculations of critical % N values in the grain and 
leaf from the YIELD and % N regressions (equation 30) for the 
N rates experiment were done at fixed levels of DV. The two-
variable regressions were simplified to the quadratic func­
tions of the N fertilizer variable. 
The calculations of critical % N and % P in the grain 
and leaf for the NP rates experiment were done at fixed 
levels of P or N fertilizer and DV. The three-variable re­
gressions ( equation 31) were simplified to the quadratic 
functions of N to calculate critical % N at fixed levels 
of P and DV and to functions of P to calculate critical % P 
at fixed levels of N and DV. 
The calculations of critical % N in the grain for the 
N*PK rates experiments were done at fixed levels of PK, PLDEN, 
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and DV. The four-variable regressions (equation 32) were 
simplified to the quadratic functions of N fertilizer for 
fixed levels of the other variables. 
After simplifying the equations, the critical % N or % P 
was calculated by the two-step method, as described previous­
ly in the statistical analysis section in the general Plans 
and Procedures chapter. 
Effect of moisture stress on critical N percentages from 
individual experiments 
To study the effect of moisture stress on the variability 
of critical % N in the corn grain and leaf from individual ex­
periments, critical % N values in the grain and leaf were 
available from 26 and 21 site-years, respectively. The N 
rates, N rates and stand levels, NP rates, NK rates, and N*PK 
rates experiments were described in the general Plans and 
Procedures chapter. The selection of data for calculating 
the critical % N values of the experiments was described in 
the Plans and Procedures chapter of Part I. 
The critical % N values in the grain and leaf were re­
gressed on 1 of 3 moisture stress indexes alternately, the 
area in Iowa where the experiment was located, and the maxi­
mum yield associated with the experiment. 
For the grain samples, all experiments were included 
whose critical % N in the grain could be calculated by both 
the two-step and graphical methods, except EXPNO 6 (GRPC, 
1972) because its critical % N increased to a very high level 
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after deletion of the outliers. For the leaf samples, all 
experiments were included whose critical % N could be cal­
culated by both methods, except EXPNO 29 (CWRC, 1969) be­
cause it had an unexplained very low critical % N. 
The three moisture stress indexes included were: DV, 
the moisture stress index for the complete 85-day period; 
DVl, the moisture stress index for the 40-day period prior 
to the 75% silking date; and DV2, the moisture stress index 
for the 45-day period after the silking date. 
To account for the effect of experimental location in 
the state, a dummy variable, AREA, was included; it was 
coded: central Iowa = 1 and northwest Iowa = 2. Another 
variable included was the maximum yield (YMAX) which had been 
calculated for each experiment by the two-step and graphical 
methods. YMAX was considered to be an index of the environ­
mental conditions affecting yields of different experiments, 
one of which was moisture stress. The mean plant density of 
the experiment (PLDEN) was included initially because the 
average plant density of the experiments in northwest and 
central Iowa differed intentionally because of more drought 
risk in northwest Iowa. 
Correlation analyses of dependent and independent vari­
ables were run initially. The regression models for critical 
% N were developed by forward selection. In an alternate 
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series of models involving each moisture stress variable 
(DV, DVl, or DV2), the variates added successively were: 
linear stress, squared stress, AREA, AREA*stress interac­
tion, and YMAX. 
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RESULTS AND DISCUSSION 
Critical nutrient values reported in the literature for 
the corn grain and leaf as well as the calculated values re­
ported in the first two parts of this study have consider­
able variability. Many of the management, soil, and en­
vironmental factors that influence the yield - nutrient con­
centration relationship and possibly the critical nutrient 
percentages were discussed previously. In this part of the 
study, the effects of three of these factors (crop sequence, 
plant density, and moisture stress) on critical nutrient 
percentages will be investigated. 
Effect of Crop Sequence 
Critical % N values in the grain and leaf were calcu­
lated by the two-step method at fixed levels of P fertilizer 
for first-year corn (CI) and second-year corn (C2) in a corn-
corn- soybean rotation. The data were from the NP rates ex­
periment at the GPRC in 1975 to 1979. These critical % N 
values for each site-year were computed and presented in 
Tables 17 to 19 in Part II. 
The average critical % N, YMAX, and N rates at YMAX for 
the grain and leaf are summarized in Table 29. The critical 
% N in both the grain and leaf were only slightly higher in 
CI than in C2. 
Critical % P values of the grain and leaf were also 
Table 29. Average critical % N in the corn grain and leaf of first-year and 
second-year corn, two-step method (NP experiments, GPRC) 
N at YMAX^ YMAX^ Critical % N 
level 
(kg/ha) 
(ka/ha) (a/ha) Grain Leaf 
CI C2 CI C2 CI C2 Ave. CI C2 Ave. 
0 136 118 67.2 59.9 1.55 1.56 1.56 3.13 3.11 3.12 
34 145 136 78.0 68.0 1.59 1.56 1.58 3.15 3.14 3.14 
67 153 154 83.4 74.5 1.63 1.57 1.61 3.19 3.16 3.18 
101 163 171 83.8 79.9 1.69 1.61 1.65 3.23 3.17 3.20 
93^ 175 - 85.4 - 1.69 - - 3.29 - -
Ave. of 
0-101 
kg P/ha 
149 145 78.1 70.6 1.62 1.58 1.60 3.18 3.14 3.16 
^Averages of all 5 years. 
level and other values are those associated with the YWAX of the two-
variable yield response surface of CI; since the YMAX of the yield response 
surface of C2 could not be calculated for 1 of the 5 years, the averages for C2 
are not given. 
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calculated by the two-step method at fixed levels of N fer­
tilizer for each corn crop in the rotation. These were pre­
sented in Tables 21 to 23 in Part II. The averages are sum­
marized in Table 30. The critical % P values in the grain 
were higher and those in the leaf were markedly higher in CI 
than in C2. 
The analyses of variance (AOV) of the critical % N and 
% P in the grain and leaf from fixed levels of P and N fer­
tilizer rates in the individual experiments are given in 
Table 31. The average critical % N in the grain of CI and 
C2 differed significantly at the 5% level. The differences 
in critical % N in the grain between CI and C2 also increased 
with increasing P fertilizer level as shown by the signifi­
cant CI vs C2*Pt interaction at the 10% level (Table 31). LÊ 
Although the differences in critical % N in the leaf between 
CI and C2 showed the same trends as in the grain, the differ­
ences were not significant because the variability among 
years was large. 
The average critical % P in the grain of CI and C2 
varied significantly at the 10% level with the linear in­
crease of N fertilizer (Table 31). The critical % P in CI 
was less than that in C2 at Nq but then became greater than 
that in C2 with increasing N level (Table 30). The critical 
% P levels in the leaf of CI were significantly greater than 
those of C2 at all N fertilizer levels (Tables 30 and 31). 
Table 30. Average critical % P in the corn grain and leaf of first-year and 
second-year corn, two-step method (NP experiments, GPRC) 
P at YMAX^ 
(ka/ha) 
YMAX^ 
(a/ha) 
Critical % P^ 
N 
level 
(kg/ha) 
Grain Leaf 
CI C2 CI C2 CI C2 Ave. CI C2 Ave. 
0 70 77 67.5 49.0 .296 .306 .301 .264 .234 .249 
56 74 94 77.8 66.4 .287 .285 .286 .298 .260 .279 
112 77 112 84.2 77.2 .282 .271 .276 .318 .280 .299 
168 80 129 86.5 81.4 .279 .266 .272 .322 .292 .307 
171;186^ 83 135 87.1 82.3 .278 .266 .272 .322 .298 .310 
Ave. of 
0-168 
kg N/ha 
75 103 79.0 68.5 .286 .282 .284 .301 .266 .284 
^Averages of 4 years, all except EXPNO 17 in 1978. 
levels (CI and C2, respectively) and other values are those associated with 
the YMAX of the two-variable yield response surface. 
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Table 31. Analysis of variance of critical % N and % P on 
site-years, corn in rotation, and P or N 
fertilizer rates (NP experiments, GPRC) 
Source of 
variation 
Grain Leaf 
df MS F df MS F 
Critical N 
Site-year 4 .1208 47.4** 4 .3235 36.6** 
CI vs C2^ 1 .0148 5.8* 1 .0090 1.0 
P rates 3 .0175 6.9** 3 .0131 1.5 
PL (1) .0509 20.0** (1) .0392 4.5* 
CI vs C2*P 3 .0035 1.4 3 .0013 0.2 
CI vs C2*P^ (1) .0102 4.1++ (1) .0027 0.3 
Error 28 .00255 - 28 .00884 -
Critical P 
Site-year 3 .00233 17.6** 3 .00893 102.1** 
01 vs 02 1 .00011 0,8 1 .00928 106.1** 
N rates 3 .00132 10.0** 3 .00535 61.1** 
(1) .00371 28.1** (1) .01500 171.4** 
CI vs 02*N 3 .000234 1.8 3 .000039 0.4 
01 vs 02*Nj^ (1) .00050 3.8++ (1) .000080 0.9 
Error 21 .000132 21 .0000875 
^C1 = first-year corn and C2 = second-year corn in the 
Cl-C2-soybean rotation. 
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The effects of P fertilizer on critical % N and of N 
fertilizer on critical % P were similar in the combined AOV 
of CI and C2 as the effects reported previously in Part II. 
The highly significant site-year effects on critical % N and 
% P probably were due to weather variations; these will be 
studied later. 
Soil fertility factors may be involved in the smaller 
critical % N and % P of C2 than of CI. Available N level was 
higher for CI than for C2 because of the soybean crop preced­
ing CI; the highest rate of 168 kg N/ha was slightly inade­
quate for C2 as shown by the estimated 186 kg N/ha required 
for YMAX (Table 30). No P fertilizer was applied directly 
to C2; the observed yield responses to P were cumulative 
effects of previous applications to CI. Inadequate P was 
available for YMAX of C2 as shown by the extrapolated P 
rate of 135 kg P/ha (Table 30). 
The absolute YMAX and associated N and P rates of the 
two-variable yield response surface could be calculated for 
all site-years included in the critical % N averages of CI 
but for only 4 of the 5 site-years included in the critical 
% N averages of C2. For these four site-years of C2, the 
average critical % N at the N and P levels that gave the 
absolute YMAX were 0.08 and 0.01% N higher for grain and leaf, 
respectively, than the critical % N at the highest P fer­
tilizer level of 101 kg P/ha (Table 18). The absolute YMAX 
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was only 1.5 q/ha higher, however, from an extra 34 kg P/ha 
and 10 kg N/ha. If all of these differences are added to 
the values for C2 associated with lOl kg P/ha in Table 29, 
it can be observed that the additional N and P fertilizers 
at the absolute YMAX could account for the difference in the 
critical % N in the grain between CI and C2 but not in the 
critical % N in the leaf or in YMAX, The average critical 
% P values at the absolute YMAX in Table 30 still were higher 
in the grain and leaf of CI than in C2. In summary, differ­
ences in available nutrients for CI and 02 do not explain 
all of the observed differences in critical % N and % P. 
Other factors causing the differences between critical 
nutrient levels of CI and C2 may be differences in moisture 
stress, corn rootworm damage, and a recent hypothesis that 
the presence of toxic materials in corn residues decreases 
yields of corn following corn. The differences in YMAX of 
CI and C2, even at the optimum combination of N and P fer­
tilizers shown in Tables 29 and 30, indicated that some 
factor (or factors) was limiting the yield in C2 more than 
in CI. 
Because plant-available water in the root zone at plant­
ing time frequently is slightly greater following soybeans 
than following corn, more moisture stress might have occurred 
in C2 than CI. This point cannot be checked in the study 
of moisture stress effects on critical nutrient levels later 
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in this part because data were not available to compute the 
moisture stress indexes for each corn crop in the rotation. 
Corn rootworm damage can occur to a varying degree in 
corn after corn because insecticides do not give complete 
control of the rootworm population. Very little rootworm 
infestation occurs in corn following soybeans although in­
festation patterns may be different in adjacent experimental 
plots with different previous cropping than under field con­
ditions. The only way to investigate the effect of rootworm 
damage on critical nutrient percentages of corn in different 
crop sequences is to determine the root damage ratings or 
larval infestations on a per plot basis in the experiments. 
The effect of rootworm damage on the critical % N and % P 
values of C2 in this experiment, therefore, is unknown. 
In summary, the average critical % N in the grain was 
slightly but significantly less in C2 than in CI in the 
Cl-C2-soybean rotation. In the leaf, critical % N showed 
the same trend as in the grain but the difference between 
CI and C2 was not significant. The critical % P values in 
the grain were less in C2 than in CI but the difference was 
significant at only the 10% level. Critical % P in the leaf, 
however, was significantly less in C2 than in CI. 
• Differences in nutrients available to CI and C2 could 
not explain the differences in critical % N and % P. At the 
estimated combination of N and P fertilizers that gave YMAX 
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of C2 (which were greater than the maximum rates applied), 
critical % N and % P of C2 were still less than those of CI. 
Other factors such as differences in moisture stress and 
rootworm damage between CI and C2 may contribute to the dif­
ferences in YMAX and critical % N and % P. These effects, 
however, could not be studied in these data. 
Effect of Plant Density 
The mean yields and N concentrations in the grain and 
leaf for all treatments in the N rate and stand level eacperi-
ment at the Moody Research Center are given in Appendix 
Table B5. 
Critical % N values in grain and leaf were calculated 
by the two-step method for the three plant densities of 
29,700, 39,500, and 49,400 plants/ha by two different pro­
cedures as described in the Plans and Procedures chapter. 
The multiple regression equations of YIELD, NGR, and NL on 
N fertilizer for individual stand levels in each experiment 
and on N and STAND for the combined data in each experiment 
are given in Appendix Table A15. 
The critical % N values in the corn grain and leaf in 
individual years computed by the two procedures and for the 
two-step and graphical methods at the 2 or 3 stand levels 
present are given in Table 32. The average critical % N 
values are given in Table 33. In the grain, the decrease 
Table 32. Effect of plant density on critical % N in the corn grain and leaf 
(N*stand level experiment, MRC) 
Two-step method Grabhical method 
EXPNO STAND N at Critical % N N at Critical % N 
and (plants/ YMAX YMAX YMAX YMAX 
YEAR 0.01 ha) (kg/ha) (q/ha) NGR NL (kg/ha) (q/ha) NGR NL 
Calculated from individual stand level data 
19-74 297 120 55.3 1.91 _a 84 50.5 1.82 
395 106 50.6 1.81 - 84 45.6 1.78 — 
494 106 40.7 1.73 — 112 42.5 1.80 — 
20-76 297 87 36.8 — 2.58 56 38.3 — 2.36 
395 101 45.7 — 2.62 84 43.4 — 2.45 
21-77 297 114 63.0 1.88 3.16 112 63.0 1.90 3.18 
395 139 66.4 1.89 3.18 140 64.5 1.88 3.12 
494 124 70.7 1.74 — 140 68.5 1.79 — 
22-78 297 187 74.2 1.68 — 168 76.5 1.70 — ' 
395 126 84.5 1.68 - . 112 84.5 1.67 -
494 136 86.1 1.55 - 140 84.0 1.58 -
^No plant or grain samples were taken in the given year or from the given 
stand level. 
Table 32. (Continued) 
Two-stetJ method Graphical method 
EXPNO STAND N at Critical % N N at Critical % N 
and (plants/ YMAX "ÏMAX ÏMAX •YMAX 
YEAR 0.01 ha) (kg/ha) (q/ha) NGR ML (kg/ha) (q/ha) NGR NL 
Calculated from combined stand level data 
19-74 297 110 57.2 1.82 — 112 57.2 1.83 — 
395 110 49.3 1.82 - 112 49.2 1.83 -
494 110 41.3 1.83 — 112 41.3 1.84 — 
20-76 297 103 39.5 — 2.68 84 37.5 — 2.53 
395 103 43.8 — 2.58 84 41.8 — . 2.44 
21-77 297 111 62.2 1.82 3.19 112 62.2 1.83 3.20 
395 125 66.4 1.82 3.15 112 66.1 1.78 3.10 
474 139 71.3 1.79 — 140 70.0 1.78 — 
22-78 297 138 76.3 1.73 — 140 74.8 1.72 — 
395 138 80.5 1.66 - 140 79.1 1.66 -
494 138 84.8 1.59 - 140 83.3 1.58 • -
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Table 33. Effect of plant density on average critical % N 
in the grain and leaf (N*stand level experiment, 
MRC) 
Critical % N 
Individual 
or combined 
stand level 
Plant 
part 
Two-step method Graphical method 
297 395 494 297 395 494 
Individual Grain 1.82 1.79 1.67 1.81 1.78 1.72 
Leaf 2.87 2.90 _a 2.77 2.78 
Combined Grain 1.79 1.77 1.74 1.79 1.76 1.73 
Leaf 2.94 2.86 — 2.86 2.77 — 
^No plant samples were taken from this stand level. 
in critical % N with increasing stand level was slightly 
less if critical % N were calculated from the regressions 
of the combined data. In the leaf, with data only from two 
stand levels and two experiments, increasing plant density 
had little effect on critical % N in the individual stand 
level data but decreased critical % N slightly in the com­
bined data. 
An analysis of variance of the critical % N in the corn 
grain from the three site-years (Table 34) showed that stand 
level (linear effect) significantly decreased critical % N 
if they were calculated from individual stand levels. Stand 
level had less effect (at the 20% level) on critical % N if 
they were calculated from the combined data, usually the 
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Table 34. Analysis of variance of critical % N in the 
grain on site-year and stand level (N*stand 
level experiment, MRC) 
Source of 
variation 
Two-stec Graphical 
df MS F MS F 
Calculated from individual . stand level data 
Site-year 2 .0364 39.3** .0342 28.6** 
STAND 2 .0189 19.9** .00534 4.5++ 
STANDj^ (1) .0338 35.5** .0104 . 8.7* 
Error 4 .00095 - .00119 -
Calculated from combined stand level data 
Site-year 2 .0253 16.6** .0271 17.8** 
STAND 2 .00217 1.4 .00274 1.8 
STAND^ (1) .00426 2.8 .00540 3.5 
Error 4 .00153 — .00153 — 
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better procedure. The trends of decreasing critical % N 
with increasing stand level were similar in the two-step and 
graphical methods and if calculated from the individual stand 
level and combined data of each experiment. No AOV of the 
critical % N in the leaf was computed because of too few 
observations. 
Because of the limited range in yield response to plant 
density levels, the limited number of experiments, and the 
occurrence of moderate-severe moisture stress in 1974 and 
1976, the effects of increasing plant density levels on 
critical % N are inconclusive. However, there was a slight 
negative trend on critical % N as plant density level in­
creased which was significant at the 20% to the 1% level 
depending on the procedure used to determine the critical % N. 
Effects of Moisture Stress on Critical Nutrient 
Percentages Calculated from Combined Data 
Data from all years from the same experiment were com­
bined in regression models of yield and nutrient concentra­
tions on fertilizer rates to calculate critical nutrient per­
centages. To account for the effects of years on the yield -
nutrient concentration relationships, the moisture stress 
index for the 85-day period (DV) was included in the regres­
sion models as a linear variate and as an interaction variate 
with each fertilizer variable included. The moisture stress 
indexes of each farm and year are listed in Table 35. The 
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Table 35. Moisture stress indexes for the years for which 
data were obtained from the research centers^ 
I3 Moisture stress index 
FARM (last 2 digits) DVl DV2 DV 
MRC 
GPRC 
CWRC 
OAF 
72 0.2 4.0 4.2 
73 7.8 16.2 24.0 
74 15.1 16.2 31.3 
76 22.2 34.3 56.5 
77 13.5 10.8 24.3 
78 0 0 0 
79 4.8 4.2 9.0 
67 16.2 45.9 62.1 
72 3.4 6.5 9.9 
73 1.5 8.7 10.1 
74 10.2 11.0 21.2 
75 1.4 20.2 21.6 
76 18.5 35.3 53.8 
77 6.5 10.0 16.5 
78 0 0 0 
79 0.6 1.1 1.7 
67 1.3 9.9 11.2 
68 0.2 1.5 1.7 
69 0 2.5 2.5 
70 5.4 12.0 17.4 
71 0.5 8.2 8.7 
72 0.3 2.2 2.5 
73 0.1 7.1 7.2 
74 8.4 5.7 14.1 
79 0 0 0 
72 0.5 2.2 2.7 
73 3.4 9.1 12.5 
74 7.4 11.2 18.6 
75 2.8 28.4 31.2 
76 2.6 22.7 25.3 
78 0 1.2 1.2 
79 0 0 0 
^Data from Dr. R. H. Shaw (Department of Agronomy, Iowa 
State University, unpublished data). 
^DVl, DV2, and DV are the moisture stress indexes for 
the 40-day period prior to 15% silking date, for the 45-
day period after 75% silking, and for the total 85-day 
period, respectively. 
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PLDEN variable was also included initially but was deleted 
because of nonsignificance in all regressions. The results 
will be presented by type of experiment. 
N rates experiment 
To study the effect of moisture stress on critical N 
percentage (critical % N) in the grain, 7 years of experi­
mental data (1967 and 1973-1978) were combined from the N 
rates experiment at the GPRC. The moisture stress indexes 
for the 85-day period (Table 35) ranged from 0 to 62. For 
the study of critical % N in the leaf, 4 years of data (1975-
1978) were used; the moisture stress index for the 85-day 
period ranged from 0 to 54. 
Because the critical % N in the grain of EXPNO 6 in 
1972 was very high (Table 5) and EXPNO 13 in 1979 had a dif­
ferent hybrid variety, the data from these years were de­
leted from the final regressions. The regressions of the 
combined data excluding EXPNO 6 and 13 were based on treat­
ment means. For the two-step method, the regression coef­
ficients will be the same in the analyses of all data and 
of treatment means, provided treatment means are based on 
the same number of observations. Regressions based on treat-
ment means will have larger R -values but the significances 
of the regression coefficients may be less than in regres­
sions based on all observations because of fewer degrees of 
freedom in the residual or error term (Dr. L. C. Dumenil, 
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Department of Agronomy, Iowa State University, unpublished 
data). 
The two regression equations used to determine the 
critical % N in the grain and leaf by the two-step method 
are given in Table 36. The R^-values of 0.77 to 0.86 for 
the regression equations were moderately high to high for a 
combined analysis over years. All variates were retained in 
both sets of equations regardless of significance. 
In the YIELD regressions, DV (moisture stress) had a 
negative effect on yield which became more negative as N 
rate increased because of the negative N*DV interaction. 
This negative interaction also showed that the yield re­
sponse to N fertilizer decreased as DV increased; this is the 
expected moisture stress effect (Sridodo, 1980). 
The N concentration of the grain increased as both N 
rate and DV increased; the positive interaction between the 
two showed that NGR increased at an even greater rate as 
both N and DV increased (Table 36). In the leaf, the N con­
centration decreased slightly as DV increased and the N*DV 
interaction was also negative although neither one was sig­
nificant. The negative effect of DV on NLl was expected 
(Voss, 1962» 1969). In these experiments, DV had opposite 
effects on % N of the grain and leaf. 
Critical % N values in the grain and leaf were calculated 
from the regression equations at two levels of DV, 0 or no 
Table 36. Regression equations used to calculate the critical % N in the grain 
and leaf (N rates experiment, GPRC) 
Regression coefficients of juepenaent 
variable Intercept N DV N2 N*DV R^ 
YIELD^ 48.17** 0.511** -0.253++ -0.00177* -0.00232+ .77 
NGR^ 117.5** 0.236+ 0.174 0.000310 0.00232 .79 
YIELD^ 44.74** 0.425** -0.225 -0.00133 -0.000710 .78 
NLl^ 204.2** 1.156** -0.142 -0.00231 -0.000746 .86 
^Data were from 1967 and 1973-1978; regression analysis was based on treatment 
means; no. of obs. = 27; and DV varied from 0 to 62.1. 
^Data were from 1975-1978; regression analysis was based on treatment means; 
no. of obs. = 16; and DV varied from 0 to 53.8. 
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moisture stress and the maximum observed indexes of 62 and 
54 for the grain and leaf, respectively. These results are 
presented in Table 37, Critical % N can be interpolated 
for any DV between 0 and 62 or 54 because the DV effect is 
linear. 
The critical % N in the grain increased 0.13% as DV in­
creased from 0 to 62 (moderate-severe stress). The critical 
% N in the leaf decreased 0.20% as DV increased from 0 to 54. 
The YMAX decreased and less N fertilizer was needed to reach 
YMAX as moisture stress increased; these are the usual ef­
fects of moisture stress (Sridodo, 1980). 
The critical % N in the grain and leaf calculated by 
the two-step method in these individual experiments, as 
shown in Tables 5 and 6, varied from 1.52 to 1.81% N and 
from 3.21 to 3.06% N, respectively. The estimated critical 
% N from the combined data for the extreme ranges of moisture 
stress were 1.58 to 1.71% in the grain and 3.30 to 3.10% 
in the leaf. The moisture stress variable explained part 
of the variability in the calculated critical % N among in­
dividual years, 
NP rates experiment 
To study the effect of moisture stress on the critical 
% N and % P in the corn grain and leaf, 5 years of data 
(1975-1979) were combined from the NP experiment at the GPRC, 
The moisture stress indexes ranged from 0 to 54 in the 5 
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Table 37. Effect of moisture stress on critical % N in the 
grain and leaf and associated data (N rates ex­
periment, GPRC) 
Plant 
part 
No, of 
years 
Moisture 
DV 
N at 
YMAX 
(kg/ha) 
YMAX 
(q/ha) 
Critical 
% N 
Grain 7 0 144 85.1 1.58 
62 104 51.5 1.71 
Leaf 4 0 160 78.7 3.30 
54 146 61.0 3.10 
years, as shown in Table 35. The data for CI and C2 in the 
Cl-C2-soybean rotation were analyzed separately. The depen­
dent variables of YIELD, NGR, PGR, NLl, and PLl for the two-
step method were regressed on the quadratic functions of N 
and P fertilizer rates and the N*P interaction. The mois­
ture stress index for the 85-day period (DV) was included as 
a linear variate and as interaction variates with N and P 
fertilizer rates. 
All final regressions used to determine critical % N and 
% P in the grain and leaf in both CI and C2 by the two-step 
method are given in Table 38. if a variate had significance 
at least at the 15% level in any of the three regressions of 
the set, it was retained in all three regressions. 
The YIELD regressions had R -values varying from 0,55 to 
Table 38. Regression equations used to calculate critical % N and % P in the grain and leaf 
(NP experiments, GPRC) 
Regression coefficients of variates in models with following dependent variables^ 
Variate 
and 
Grain - CI Grain - C2 
YIELD NGR PGR YIELD NGR PGR 
Intercept 56.37** 123.2** 218.5** 43.42** 115.0** 227.3** 
N 0.176** 0.338** -0.323** 0.313** 0.285** -0.569** 
P 0.348** -0.0266 2.158** 0.150* -0.0298 1.886 
DV -0.159** 0.277** -0.333** -0.0602 0.407** -0.214 
-0.000486** -0.000970** 0.000648 -0.00120* -0.000357 0.00178** 
p2 
-0.00214** 0.000388 -0.0126** -0.000969+ 0.000599 -0.0102** 
N*P 0.000060 0.000537++ 0.00162* 0.00115** -0.000288 0.00110 
N*DV — — - -0.00110++ 0.00156* -0.00130 
P*DV - - - -0.00153+ -0.00129 0.000635 
R2 
.55 .82 
00 
.67 .76 .81 
^Number of observations for Grain 
141, and 146, respectively. 
- CI, Grain - C2, Leaf - CI, and Leaf - C2 were 138, 148, 
Table 38. CContinued) 
Regression coefficients of variates in models with following dependent variables 
Variate 
2 
and R 
Leaf - CI Leaf - C2 
YIELD NLl PLl YIELD NLl PLl 
Intercept 57.87** 258.8** 215.7** 43.32** 204.0** 192.6** 
0.164** 0.801** 0.493** 0.316** 1.263** 0.521** 
P 0.316** -0.154 1.365** 0.153* -0.129 1.125** 
DV -0.161** -0.141+ -0.369** -0.061 0.749*.* 0.0274 
-0.000553* -0.00268** -0.00195** -0.00122** -0.00331** -0.00136++ 
p2 
-0.00217** 0.00119 -0.00746** -0.00102+ 0.000486 -0.00655** 
N*P 0.000480+ 0.000927 0.00161 0.00118** 0.000358 0.00176 
N*DV — — - -0.00108++ -0.00479** -0.00222 
P*DV - - - -0.00155+ -0.00265 -0.00356 
R2 
.58 .59 
00 m
 .69 .83 
00 m
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2 0.69. These moderate R -values may be due, in part, to the 
lower yields in 1978 than in 1979 although moisture stress 
•was nil in both years. Some unexplained yield variance may 
be because corn yields each year came from a different one 
of three blocks used for the three-year rotation, as explained 
in the general Plans and Procedures chapter. Two YIELD re­
gressions were derived for each corn crop in the rotation, 
one for corn grain and the other for corn leaf, because of 
unequal numbers of observations resulting from deletion of 
outliers, as explained in the general Plans and Procedures 
chapter. All R -values and all regression coefficients ex­
cept the one for the N*P interaction, however, were similar 
in corresponding YIELD regressions (Table 38). 
All linear and quadratic variates included had highly 
significant effects on YIELD of CI. The average N*P inter­
action effect, however, had low significance although 3 of 
the 5 individual experiments had significant N*P interactions 
(Appendix Table A8). Less N*P interaction effect on YIELD 
would be expected in CI than in C2 because of higher avail­
ability of N for corn following soybeans than following corn 
and higher availability of P because the P fertilizer was 
applied to CI. The N*P interaction was retained in all final 
models for CI. The N*DV and P*DV interactions had no sig­
nificant effect on YIELD nor on the grain and leaf composition 
dependent variables and were deleted from all final models 
for CI. 
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All interactions in the YIELD regressions for C2 were 
significant at the 1% to 15% level and were retained in the 
final models (Table 38). The N*P interactions were signifi­
cant in most years (Appendix Table A8), All other regres­
sion coefficients were significant in the C2 YIELD regres­
sions except the linear coefficient of DV; the DV effect 
was primarily through its negative interactions with N and 
P rates. 
The NGR, PGR, NLl, and PLl regressions in Table 38 had 
2 R -values ranging from 0.58 to 0.84. Not as many variates 
were significant in these regressions as in the YIELD regres­
sions. The same variates were retained in the nutrient com­
position regressions as were retained in the corresponding 
YIELD model. 
The DV variable had negative effects on YIELD in all re­
gression models, as expected (Table 38). It had a positive 
effect on NGR in both CI and C2; the effect in C2 increased 
as N rate increased but decreased as P rate increased. In 
PGR, DV had a negative effect which, in C2, became more nega­
tive as N rate increased and less negative as P rate increased. 
In CI, both NLl and PLl were decreased as DV increased. The 
effects of DV on NLl and PLl in C2 varied from positive at 
low rates of N and P fertilizers to negative at moderate to 
high rates of both. In these NP experiments, the effects of 
moisture stress on N and P concentrations in the grain and 
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leaf were as expected except for the positive effect of DV 
on both NLl and PLl at low fertilizer rates. 
The critical % N values in the grain and leaf of CI and 
C2 were estimated from the regressions in Table 38 as a func­
tion of fixed levels of the P fertilizer rate and two levels 
of DV (0 and 50, which was about the maximum stress observed 
in the 5 years). These are presented in Table 39 along with 
their associated N rate at YMAX, YMAX, and associated % P 
level. 
As DV increased from 0 to 50 for CI, the critical % N 
in the grain increased 0.14% but that in the leaf decreased 
0.07% (Table 39). The changes in critical % N in both the 
grain and leaf due to moisture stress were the same at all P 
rates because the P*DV and N*DV interactions were not included 
in the model. Moisture stress decreased YMAX and the % P in 
the grain and leaf associated with the critical % N. The P 
fertilizer increased slightly the critical % N in the grain 
and leaf which was about the same effect as reported on CI in 
Table 19 of Part II. 
In the grain of C2 (Table 39), the critical % N in­
creased an average of 0.23% as DV increased from 0 to 50; 
this DV effect on C2 was larger than it was on CI. As P 
fertilizer rate increased, the DV effect on critical % N de­
creased only slightly because the P*DV interaction effect on • 
NGR was significant at only the 27% level. The positive 
Table 39. Effect of moisture stress and P fertilizer rate on critical % N in 
the grain and leaf (MP experiments, GPRC) 
corn P smin 
in rate N at Associ- N at Associ-
rota- (kg/ YMAX YMAX Critical ated YMAX YMAX Critical ated 
tion DV ha) (kg/ha) (q/ha) % N % P (kg/ha) (q/ha) % N % P 
0 0 181 72.3 1.52 .181 148 70.0 3.19 .246 
34 183 82.0 1.55 .250 163 80.8 3.19 .291 
67 185 86.7 1.59 .289 177 86.7 3.23 .319 
101 187 86.7 1.64 .301 192 88.0 3.28 .332 
50 0 181 64.3 1.66 .165 148 62.0 3.12 .228 
34 183 74.0 1.69 .233 163 72.8 3.12 .273 
67 185 78.8 1.73 .273 177 78.6 3.16 .301 
101 187 78.8 1.78 .284 192 80.0 3.21 .313 
0 0 131 63.9 1.46 .183 130 63.8 3.12 .237 
34 147 73.3 1.47 .240 146 73.3 3.16 .279 
67 163 80.9 1.50 .274 162 81.0 3.19 .306 
101 179 87.2 1.53 .288 178 87.1 3.22 .321 
50 0 108 54,4 1.70 .169 107 54.3 3.13 .222 
34 124 60,3 1.71 .223 124 60.3 3.11 .256 
67 140 64.5 1.73 .255 140 64.6 3.08 .275 
101 156 67.3 1.75 .267 156 67.2 3.05 .281 
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effect of P fertilizer on critical % N of C2 was similar to 
its effect shown in Table 19 of Part II, 
In the leaf of C2, DV had little effect on critical % N 
at the Pq level (Table 39), but as P rates increased, mois­
ture stress had an increasingly negative effect on critical 
% N (up to -0.17% N). Because of the highly significant, 
negative N*DV interaction and negative P*DV interaction sig­
nificant at the 25% level on NLl, the critical % N increased 
with increasing P rates at DV = 0, but decreased somewhat 
less with increasing P rates at DV = 50. The average effect 
of P rates on critical % N over all moisture stress levels, 
shown in Table 19, was a slight positive trend. 
The critical % P values in the grain and leaf of CI and 
C2 were estimated from the regressions in Table 38 as a func­
tion of fixed levels of N fertilizer and two DV levels. 
These are presented in Table 40 along with their associated 
P rates at YMAX, YMAX, and associated % N level. 
In CI as DV increased from 0 to 50, the critical % P in 
the grain and leaf decreased 0.017% and 0.018%, respectively 
(Table 40). The DV effects were the same at all levels of P 
fertilizer because no interactions with DV were included in 
the model. Moisture stress decreased YMAX, increased the 
associated % N in the grain, and decreased the associated % N 
in the leaf. Increasing levels of N fertilizer decreased the 
critical % P in the grain from 0.008 to 0.013%, and in­
creased it in the leaf from 0.030 to 0.055%; these changes 
Table 40, Effect of moisture stress and N fertilizer rate on critical % P in the 
grain and leaf (NP experiments, GPRC) 
corn N Grain Leaf 
in rate P at Associ- P at Associ-
rota- (kg/ YMAX YMAX ated Critical "YMAX YMAX ated Critical 
tion DV ha) (kg/ha) (q/ha) % N % P (kg/ha) (q/ha) % N % P 
0 0 81 70.5 1.24 .311 73 69.4 2.54 .275 
56 82 79.1 1.42 .302 79 78.9 2.94 .306 
112 83 84.6 1.54 .298 85 85.0 3.19 .324 
168 84 87.2 1.61 .298 91 87.9 3.28 .331 
50 0 81 62.6 1.37 .294 73 61.3 2.47 .257 
56 82 71.2 1.56 .286 79 70.8 2.88 .287 
112 83 76.7 1.68 .281 85 77.0 3.12 .306 
168 84 79.2 1.74 .281 91 79.9 3.21 .312 
0 0 77 49.2 1.16 .312 75 49.1 1.97 .240 
56 110 69.1 1.32 .291 107 68.9 2.58 .273 
112 144 83.5 1.46 .263 139 83.3 3.01 .291 
168 177 92.6 1.58 .227 172 92.1 3.25 .293 
50 0 38 41.8 1.33 .275 37 41.7 2.32 .220 
56 71 56.0 1.50 .276 69 56.0 2.74 .254 
112 104 64.9 1.65 .269 102 64.8 2.97 .272 
168 138 68.4 1.78 .255 134 68.1 3.02 .274 
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were similar to those reported in Table 23 of Part II. 
In the grain of C2 (Table 40), DV decreased critical 
% P at the lower rates of N but increased critical % P at the 
higher N rates. This marked interaction effect between DV 
and N fertilizer on critical % P was confounded with rapidly 
increasing P rates associated with YMAX as N rates increased. 
The predicted critical % P values at the various N levels 
were affected by interactions between DV and N and P fer­
tilizer in both the YIELD and PGR regressions in Table 38 
since both were used in the two-step method. The predicted 
P rates associated with YMAX at the highest fixed N rate for 
C2 (Table 40) were extrapolated and much higher than the 
highest rate of lOl kg P/ha applied to CI in the experiment. 
These extrapolated P rates and associated critical % P values 
are subject to larger errors of estimation. The critical % P 
values at the higher N levels and at the DV = 0 thus appear 
questionable. Moisture stress decreased the P rate at YMAX, 
decreased YMAX, and increased the % N associated with 
critical % P in the grain of C2. 
As N rates increased, the critical % P in the grain of 
C2 decreased at both levels of DV (Table 40); these results 
were similar to those shown in Table 23 in Part II except 
that the decrease in critical % P was greater at the highest 
rate of N in this study. This effect was discussed in the 
previous paragraph. 
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In the leaf of C2 (Table 40), DV decreased critical % P 
about 0.019% at all rates of N. Increased moisture stress 
also decreased the F rate at YMAX, decreased YMAX at an in­
creasing rate as N level increased, but increased % N associ­
ated with critical % P at lower N rates and then decreased 
the % N at higher N rates. Although the estimated F rates 
at YMAX at the higher N rates were almost as high as those 
for critical % F in the grain, the critical % F values in the 
leaf appear to be more reasonable than those in the grain 
of C2. 
Increased rates of N at both moisture stress levels 
increased critical % P in the leaf of C2 and all associated 
factors (Table 40). The effect of N on critical % F in this 
combined regression analysis of five experiments was very 
similar to the trend shown in Table 23 based on the average 
critical % P values of four experiments. 
In summary, an increase in moisture stress from DV = 0 
to 50 increased critical % N in the grain about 0.14%, de­
creased critical % N in the leaf about 0.07%, and decreased 
critical % F in the grain and leaf about 0.017% and 0.018%, 
respectively, in CI (Tables 39 and 40). These effects were 
the same at all rates of the other fertilizer nutrient be­
cause no interactions with DV occurred. 
In C2, the relationships among critical nutrient per­
centages, moisture stress, and fertilizer rates were generally 
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more complex because of the interactions between DV and fer­
tilizer rates. The critical % N in the grain of C2 was in­
creased an average of 0.23% as DV increased from 0 to 50 
(Table 39). In the leaf of C2, DV had little effect on 
critical % N at the Pq level but it had an increasingly 
negative effect on critical % N (maximum of -0.17% N) as P 
rates increased because of interactions between DV and fer­
tilizer rates. 
In the grain of C2, DV decreased critical % P at the low 
levels of N fertilizer but increased it at the higher N rates. 
This marked interaction effect was due to the interactions 
between DV and the fertilizers both in the YIELD and PGR 
regressions. The effects were also accentuated because YMAX 
occurred at rates of P extrapolated beyond the highest ex­
perimental rate. Predicted critical % P at the higher N 
rates with no moisture stress appeared to be unreasonably low, 
probably due to errors of estimation involving extrapolated 
values. In the leaf of C2, DV from 0 to 50 decreased critical 
% P about 0.019% at all rates of N (Table 40). 
The regression analysis of the combined data from five 
experiments to determine critical % N and % P values gave rea­
sonable results in most cases. Additional years of data are 
needed to determine the curvilinear effects of moisture stress; 
in these models, some distortion of estimated critical percent­
ages at the extremes of the DV and fertilizer levels may be 
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due to fitting a linear DV function to a curvilinear rela­
tionship. 
N*PK rates experiment 
To study the effect of moisture stress on critical % N 
in the grain in another environment, 7 years of data (1972-
1976 and 1978-1979) were combined from the N*PK rates experi­
ment at the Old Agronomy Farm. The moisture stress indexes 
ranged from 0 to 31.2 (Table 35) for the 85-day period. 
The data from the 7 years were not uniform. In 1972-1974, 
only the N treatments with PK were sampled for grain analysis. 
Starting in 1978, 269 kg N/ha were applied on the plots that 
formerly had received 45 kg N/ha. A different hybrid was 
planted in 1972 and 1973. To get more observations on weather 
effects, data from all years were combined, assuming that all 
observations fit the general yield response function if 
moisture stress is accounted for and if the hybrid difference 
is minimal. 
The variates and their regression coefficients in the 
YIELD and NGR regressions used to calculate the critical % N 
in the grain by the two-step method are presented in Table 41. 
The high R^-values of 0.89 and 0.88 for YIELD and NGR, respec­
tively, indicated that the YIELD and NGR variations in all 
years were explained quite well by the regression models used. 
All variables had significant effects at the 1% level on 
YIELD through their linear or interaction variates and all 
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Table 41. Regression equations used to calculate the critical 
% N in the grain (combined data from the N*PK ex­
periment , OAF ) 
Regression coefficients of variates 
Variate — in following models^ 
and R2 YIELD NGR 
Intercept 
N 
PK 
PLDEN 
DV ' 
N2 
N*PK 
N*DV 
PK*DV 
61.80** 
0.433** 
-0.116* 
-0.0516** 
-0.167+ 
-0.00126** 
0.00189** 
-0.00174* 
0.00517** 
0.89 
113.6** 
0.298** 
-0.0428 
-0.00912 
0.0785 
-0.000350** 
-0.000245 
0.00122++ 
-0.00409* 
0 . 8 8  
^No. of obs. = 147Î DV varied from 0 to 31.1; and PLDEN 
varied from 456 to 615 plants/0.01 ha. 
except PLDEN (plant density) had a significant effect at the 
5% level on NGR through one of their variates. From the re­
gression equations in Table 41, the critical % N values were 
calculated at an average PLDEN of 500 plants/0.Ol ha, with 
and without PK, and at two DV levels: 0 (none) and 30 (high­
est observed index in the 7 years). The critical % N values 
are given in Table 42. 
The moisture stress had only very small effects on criti­
cal % N in the grain. As DV increased, critical % N increased 
very slightly without PK but did not change with PK. The 
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Table 42. Effect of moisture stress and PK fertilizer rates 
on critical % N (combined data from the N*PK ex­
periment , OAF ) 
DV 
PK 
(kg/ha) 
N at 
YMAX 
(kg/ha) 
YMAX 
(q/ha) 
Critical 
% 
0 0-0 171 73.1 1.50 
67-67 221 90.2 
H
 
ID H
 
30 0-0 151 57.9 1.54 
67-67 201 84.6 1.50 
^Coded plant density was fixed at 500 plants/0.01 ha. 
PK fertilizer decreased critical % N slightly at DV - 30 but 
had no effect at DV = 0. In 3 of 4 years, the PK fertilizer 
slightly decreased the critical % N as shown in Table 28 of 
Part II, This decrease was due, in part, to moderate mois­
ture stress in 2 of those 3 years. Increasing DV also had a 
less adverse effect on YMAX with PK than without PK. 
In summary, critical % N in the grain was not or only 
slightly affected by moderate moisture stress (DV=30) in the 
N*PK experiment at the OAF. The effect of moisture stress on 
YMAX was much more evident. 
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Effects of Moisture Stress on Critical N Percentages 
Calculated from Individual Experiments 
The critical % N in the grain and leaf in individual ex­
periments varied among site-years (Tables 5 and 6). The major 
objective in this section was to study the effects of three 
moisture stress index variables for different time periods 
(DV, DVl, and DV2) on critical % N in the grain and leaf in 
alternate regression models. Additional variables included 
area in the state (AREA), plant density (PLDEN), and YMAX. 
These variables were described in the Plans and Procedures 
chapter. 
Critical ^  N in the grain 
The data from 26 experiments listed in Table 43 included 
20 experiments listed in Table 5 from which critical % N 
values in the grain were computed for both the two-step and 
graphical methods. Data for the second-year corn (C2) from 
all NP experiments were used in place of data for first-year 
corn (Cl) which were given in Table 5 because corn in all 
other experiments was continuous corn. The critical % N of 
EXPNO 6 (N rates, 1972, GPRC) was deleted because it had in­
creased to a very high value when the outliers were deleted. 
Correlation analysis The simple correlation coeffi­
cients involving critical % N in the grain for the two methods, 
the moisture stress indexes of DV, DVl, and DV2, AREA, PLDEN, 
and YMAX are presented in Table 44. since the correlation 
Table 43. Critical % N in the grain, calculated by two methods, and associated 
data (25 experiments from the CWRC, GPRC, MRC, and OAF) 
EXPNO Two -step Graphical PLDEN 
and YMAX^ Critical YMAX'^ Critical (plants/ 
FARM YEAR EXPT (q/ha) % N (q/ha) % N O.Ol ha) AREi 
CWRC 4-74 NK 88 1.48 83 1.50 558 1 
GPRC 39-67 N rates 48 1.77 46 1.58 395 2 
7-73 96 1.64 96 1.52 395 2 
8-74 73 1.52 73 1.52 383 2 
10-76 56 1.81 56 1.88 394 2 
11-77 76 1.57 74 1.59 390 2 
12-78 70 1.65 70 1.65 386 2 
13-79 80 1.79 78 1.58 394 2 
GPRC 14-75 NP-C2^ 75 1.54 74 1.57 395 2 
15-76 62 1.85 61 1.74 394 2 
16-77 82 1.68 80 1.68 391 2 
17-78 66 1.42 66 1.48 391 2 
18-79 86 1.44 86 1.41 403 2 
^YMAX = maximum yield. 
^Symbols are given in Table 4. 
^Area of state (coded): central Iowa = 1 and northwest Iowa = 2. 
'^Calculated over all P levels except Pq. 
Table 43. (Continued) 
EXPNO Two -step Graphical PLDEN 
and YMAX Critical YMAX Critical (plants/ 
FARM YEAR EXPT (q/ha) % N (q/ha) % N 0.01 ha) AREA 
MRC 33-72 N*ST(395)® 88 1.61 89 1.60 394 2 
34-73 99 1.51 97 1.52 395 2 
19-74 51 1.81 46 1.78 389 2 
20-76 46 2.02 43 1.89 393 2 
21-77 66 1.89 64 1.88 394 2 
22-78 84 1.68 84 1.67 391 2 
23-79 81 1.43 79 1.40 395 2 
MRC 24-79 NP-C2^ 76 1.46 75 1.47 347 2 
OAF 36-74 N*PK(67-PK) 85 1.49 84 1.47 489 1 
25-75 84 1.42 82 1.40f 537 1 
26-76 86 1.51 84 1.48 518 1 
27-78 84 1.47 80 1.50 577 1 
28-79 93 1.54 91 1.63 466 1 
^Calculated only for the stand level of 39,500 stalks/ha. 
^Critical % N appears to be low; YMAX probably was not attained. 
Table 44. Simple correlations between variables in the regressions of critical 
% N in the corn grain (26 experiments from the CWRC, GPRC, MRC, and OAF) 
Correlation coefficient (r) 
Critical % N YMAX 
Variable 
Two-
step 
Graphi­
cal 
Two-
step 
Graphi­
cal PLDEN AREA DV DVl DV2 
Critical % N 
Two-step 
Graphical 
- .90** -.66** 
-.62** 
-.66** 
-.62** 
- .40* 
-.36++ 
.44* 
.37++ 
.59** 
.49** 
.69** 
.65** 
.48** 
.37* 
YMAX 
Two-step 
Graphical 
- .99** .37++ 
.31+ 
-.41* 
-.35++ 
-.68** 
-.69** 
-.74** 
-.75** 
-.59** 
-.59** 
PLDEN 
AREA 
DV 
DVl 
-.94** -.10 
.13 
-.22 
.25 
.89** 
-.03 
.06 
.97** 
.76** 
DV2 
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coefficients involving the two-step and graphical methods 
were very similar, differences between the methods will not 
be discussed. 
Critical % N in the grain, the dependent variable, was 
highly correlated with YMAX and the moisture stress indexes, 
particularly DVl, and was correlated with PLDEN and AREA at 
the 5 to 10% level. In the simple linear regressions of 
critical % N on YMAX and DVl (two-step method), the r -values 
were 0.44 and 0.48, respectively. These showed that 44% of 
the variability in critical % N could be explained by YMAX 
alone and 48% could be explained by DVl alone. The AREA or 
PLDEN variable alone had less effect on critical % N. 
The high negative correlations between YMAX and the 
moisture stress indexes limited the use of both variables 
in the regression model to study relationships. High corre­
lations between variables usually distort their regression 
coefficients (Pena-Olvera, 1979). Another high correlation 
occurred between PLDEN and AREA (r = -0.94), AREA was in­
cluded in the regression instead of PLDEN because it may in­
clude the effects of variables such as hybrid used and 
drainage class of the soil along with the effect of plant 
density on critical % N. 
The high correlations between the moisture stress vari­
ables also prevented the inclusion of two indexes in a rela­
tionship model. The DVl and DV2, however, could be included 
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together in a prediction model, although the 26 observations 
were too few to have more than 5 variates in the model with­
out overloading it. 
Multiple regression analysis The successive steps in 
the model development are shown in Tables 45 and 46 for the 
two-step and graphical methods, respectively. The regressions 
2 
and R -values of both methods showed a similar pattern as 
2 , 
variates were added, although the R -values for critical % N 
by the two-step method were consistently higher than those by 
the graphical method. 
Alternate models were developed for the three moisture 
stress indexes, as shown in Tables 45 and 46, by adding 
variates in the following order; linear stress, quadratic 
stress, AREA, and AREA*stress interaction. To check the ef­
fect of YMAX in the final models (TS13 and GR13), it was 
added to the quadratic function of DVl plus the AREA variate. 
Addition of the DVl variate gave a large increase in 
R^, but addition of the DV^ and DV2^ variates gave little 
• 2 increase in R . over their linear models. Addition of the 
AREA variate improved the R in all cases, although its effect 
was larger for DV and DV2 than for DVl. The inclusion of the 
interaction variate between AREA and moisture stress indexes 
2 increased the R of the DV and DV2 models but had little ef­
fect in the DVl models. Addition of YMAX to the final model 
2 had very little effect on the R . 
Table 45. Regressions to predict critical % N in the grain, 
calculated by the two-step method, on moisture 
stress indexes (26 experiments from the CWRC, 
GPRC, MRC, and OAF) 
Model 
no. 
Inter­
cept DV DVl DV2 AREA YMAX 
TSl 
TS2 
TS3 
151.4** 
150.5** 
153.6** 
0 .517** 
1.68** 
0.609 
TS4 
TS5 
TS6 
156.0** 
156.2** 
155.6** 
-0 .160 
-1.39 
0.148 
TS7 
TS8 
TS9 
133.0** 
140.3** 
127.8** 
-0 .0368 
-1.32 
0.295 
12.8** 
9.3++ 
15.5** 
TSIO 
TSll 
TSl 2 
146.9** 
141.4** 
145.6** 
-0 .884 
-1.60 
-1.04 
4.6 
8.7 
4.8 
TS13 136.6** -1.33 9.6++ 0.0398 
^Dependent variable is critical % N in the grain, 
coded %N*100. 
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coefficient of^ 
O O O AREA* AREA* AREA* 
DV DVl DV2 DV DVl DV2 R' 
.34 
.48 
.23 
0.0120+ .41 
0.163** .63 
0.0119 .24 
0.00911 .51 
0.152** .69 
0.00729 .40 
0.00502 0.564 .53 
0.149** 0.174 .69 
-0.00302 0.943 .46 
0.156** .69 
Table 46, Regressions to predict critical % N in the grain, 
calculated by the graphical method, on moisture 
stress indexes (26 experiments from the CWRC, 
GPRC, MRC, and OAF) 
Regression 
Model 
no. 
Inter­
cept DV DVl DV2 AREA YMAX 
GRl 
GR2 
GR3 
151.8** 
150.2** 
154.0** 
0.377** 
1.39** 
0.402++ 
GR4 
GR5 
GR6 
154.2** 
154.6** 
154.0** 
0.0157 
-1.03 
0.406 
GR7 
GR8 
GR9 
136.8** 
144.3** 
132.8** 
0.109 
-0.983 
0.518 
9.7+ 
6.0 
11.8++ 
GRIO 
GRll 
GRl 2 
161.6** 
150.4** 
156.6** 
-1.40++ 
-2.60 
-1.27 
-4.9 
2.5 
-2.5 
GR13 145.8** -0.979 6.0 -0.0164 
^Dependent variable is critical % N in the grain; 
coded %N*100. 
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coefficient of^ 
DV^ DVl^ DV2^ 
AREA* 
DV 
AREA* 
DVl 
AREA* 
DV2 R^ 
.24 
.43 
.13 
0.00637 
0.128* 
-0.000113 
.27 
.56 
.13 
0.00421 
0.120* 
-0.00360 
.35 
.58 
.26 
-0.00309 
0.104++ 
-0.0174 
1.01* 
0.992 
1.26* 
.46 
.59 
.40 
0.119* .58 
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DVl was the best moisture stress index tested to ex­
plain the variability of critical % N in the grain. This 
effect agreed with the results reported by Voss (1962). The 
final models selected, TS8 and GR8, had R^-values of 0,69 
and 0.58 for the two-step and graphical methods, respectively. 
They included the linear and quadratic variates of the DVl 
variable and the dummy AREA variate. 
The critical % N values in the grain calculated from 
models TS8 and GR8 for AREA = 1 (central Iowa) and AREA = 2 
(northwest Iowa) and for increasing levels of DVl are plotted 
in Figure 2. Both models showed that critical % N decreased 
slightly as DVl increased from 0 to 4, where minimum critical 
% N occurred, and then increased at an increasing rate as 
DVl became greater than 4. The increases in critical % N 
above DVl = 9 were from the observations in northwest Iowa 
because none in central Iowa had DVl > 9. The minimum criti­
cal % N was expected to occur at DVl = 0. The occurrence 
of the minimum critical % N at DV = 4 was caused by several 
moderately high values (1.61 to 1.79% N) at DVl = 0 and 
values of about 1.50% N at DVl = 8 to 10. It was not caused 
by fitting a quadratic model to data for which an exponential 
function would be better. 
The AREA variable showed that the average critical % N 
in the grain was 0.09% and 0,06% N higher in northwest Iowa 
than in central Iowa for the two-step and graphical methods. 
2 0 8  
CENTRAL IOWA, TWO-STEP 
CENTRAL IOWA, GRAPHICAL 
NW IOWA, TWO-STEP 
NW IOWA, GRAPHICAL 
1.80 
< 1.70 
d 1.60 
1.50 
1.40 
20 15 10 5 0 
DVI-MOISTURE STRESS PRIOR TO SILKING 
Figure 2. Critical N percentages in the grain by the two-
step and graphical methods versus moisture stress 
index prior to 75% silking for two locations in 
Iowa (upper limit of observed DVl value in each 
area is shown by the curve) 
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respectively. The constant difference between corresponding 
curves for northwest and central Iowa are shown in Figure 2. 
Although PLDEN differed in the two areas and was highly 
correlated with AREA, the AREA effect on critical % N may be 
largely due to different hybrids. Most experiments in north­
west Iowa had Burts or Curtiss A239 and most in central Iowa 
had Pioneer 3780. 
With the two-step method (Model TS8, Table 45), the 
critical % N in the grain in northwest Iowa was increased 
from about 1.59 to 1.93% N as DVl increased from 0 to 20; 
with the graphical method (Model GR8, Table 46), it was in­
creased from about 1.56 to 1.85% N for the same change in DVl. 
From comparable Models TS7 and GR7 which included DV (85-day 
period), the increases in critical % N in northwest Iowa 
were 0.32 and 0.22% N for the two-step and graphical methods, 
respectively, as DV increased from 0 to 60. 
The effect of moisture stress on critical % N in the 
grain in northwest Iowa was greater than was found in the 
combined analysis of the N rates experiments in which critical 
% N increased 0.13% as DV increased.from 0 to 60 (Table 37). 
In the combined analysis of the MP experiments, the critical 
% N increased an average of 0.23% as DV increased from 0 to 
50 (Table 39), an effect almost as large as was found in this 
section. The differences probably are due to the larger 
variability in estimated critical % N from individual experi-
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ments, primarily due to hybrid differences, than for those 
estimated from combined data over years. 
In summary, as DVl increased from 0 to 20 (near the 
maximum observed value), the critical % N increased from 
1.59 to 1.93% N and from 1.56 to 1.85% N with the two-step 
and graphical methods, respectively. The AREA variable 
showed that the critical % N in the grain was 0.06 to 0.09% 
higher in northwest Iowa than in central Iowa. The effect 
of moisture stress on critical % N in this analysis of 
critical % N values from individual site-years in northwest 
Iowa was somewhat greater than was found in the combined 
analysis of the N rates and NP rates experiments in the pre­
vious section. 
Critical % N in the leaf 
The effects of moisture stress indexes in three time 
periods on critical % N in the leaf, calculated by two 
methods, were compared in alternate regression models. The 
procedures used in this section were identical to those used 
in the previous section for critical % N in the grain. 
The data from 21 experiments listed in Table 47 included 
16 experiments listed in Table 6 from which critical % N 
values were computed for both the two-step and graphical 
methods. The C2 data from all NP experiments were used in 
place of the CI data given in Table 6 because corn in all 
other experiments was continuous corn. The critical % N of 
Table 47. Critical % N in the corn leaf, calculated by two methods, and 
. associated data (21 experiments from the CWRC, GPRC, MRC and OAF) 
FARM 
EXPNO 
andb 
YEAR 
Two-step Graphical 
EXPT 
YMAX* 
(q/ha) 
Critical 
% N 
YMAX* 
(q/ha) 
Critical 
% N 
PLDEN 
(plants/ 
0.01 ha) AREA"-
CWRC 
GPRC 
1-67 NK 103 2.80 98 2.64 526 1 
2—68 105 2.76 97 2.61 625 1 
30-70 82 2.85 77 2.64 630 1 
31-71 108 3.00 102 2.90 590 1 
32-72 96 3.03 89 2.96 598 1 
3-73 86 2.79 80 2.73 596 1 
10-76 N rates 56 3.06 56 3.07 394 2 
11-77 76 3.06 74 3.01 390 2 
12-78 70 3.21 70 3.22 386 2 
13-79 80 3.40 78 3.42 394 2 
^YMAX = maximum yield. 
^Symbols are given in Table 4. 
^Area of state (coded): central Iowa = 1 and northwest Iowa = 2. 
Table 47, (Continued) 
FARM 
EXPNO 
and 
YEAR 
Two-steT3 Graphical 
EXPT 
YMAX Critical YMAX Critical 
(q/ha) % N (q/ha) % N 
PLDEN 
(plants/ 
0.01 ha) AREA 
GPRC 14-75 NP-C2* . 75 2.99 74 2.96 395 2 
15-76 62 3.21 61 3.11 394 2 
16-77 82 3.21 80 3.19 391 2 
17-78 66 2.94 66 2.94 391 2 
18-79 86 3.44 86 3.33 403 2 
MRC 19-74 N*ST(395)® 51 2.47 46 2.27 389 2 
20-76 46 2.62 43 2.45 393 2 
21-77 66 3.18 64 3.19 394 2 
22-78 84 3.37 84 3.31 391 2 
23-79 81 3.51 79 3.35 395 2 
OAF 28-79 N*PK(67-PK) 93 3.21 91 3.27 466 1 
^Calculated over all P levels except PQ. 
^Calculated only for the stand level of 39,500 stalks/ha. 
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EXPNO 29 (NK rates, 1969, CWRC) was deleted because it 
was very low. 
Correlation analysis The simple correlation coeffi­
cients involving the critical % N in the leaf for the two 
methods and the independent variables are presented in Table 
48. The critical % N by both methods had similar correla­
tions with the other variables. 
The major differences found between the correlations in 
the grain and leaf studies were that critical % N in the leaf 
was not correlated with YMAX and only slightly correlated 
with the three moisture stress index variables and that 
PLDEN and AREA were highly correlated with YMAX. These high 
correlations occurred because most of the experiments in 
central Iowa were from the CWRC which had higher YMAX and 
PLDEN than the experiments in northwest Iowa (Table 47). The 
experiments at the CWRC also affected the correlations be­
tween critical % N and the stress indexes because both were 
less at the CWRC than at the GPRC and MRC. 
Multiple regression analysis The successive steps 
in the model development are shown in Tables 49 and 50 for 
the two-step and graphical methods, respectively. The re-
2 gressions and R -values of both methods showed a similar 
2 pattern as variates were added, although the R -values by 
the graphical method were consistently higher than those by 
the two-step method. 
Table 48, Simple correlations between variables in the regressions of critical 
% N in the leaf (21 experiments from the CWRC, GPRC, MRC, and OAF) 
Correlation coefficient (r) 
Critical % N YMAX 
Two- Graphi- Two- Graphi-
Variable step cal step cal PLDEN AREA DV DVl DV2 
Critical % N 
Two-step - .98** ,16 ,27 -.40++ 
Graphical - .12 ,24 -,43* 
YMAX 
Two-step - ,99** .69** 
Graphical - ,60** 
PLDEN 
AREA 
DV 
DVl 
DV2 
36++ -.32+ -.28 -.34+ 
37++ -,34+ -.30 -.34+ 
74** -,70** -.78** -.62** 
66** -.73** -.81** -.65** 
94** -, 31 -.39++ -.24 
- ,35+ .43** .28 
- .95** .98** 
- .87** 
Table 49. Regressions to predict critical % N in the leaf, 
calculated by the two-step method, and moisture 
stress indexes (21 experiments from the CWRC, 
GPRC, MRC, and OAF) 
Regression 
Model 
no. 
Inter­
cept DV DVl DV2 AREA YMAX 
TSl 
TS2 
TS3 
312.8** 
310.9** 
313.3** 
-0,481++ 
-1.04 
-0.788++ 
TS4 
TS5 
TS6 
318.2** 
308.0** 
323.1** 
-1.52 
1.32 
-3.59* 
TS7 
TS8 
TS9 
271.5** 
259.5** 
282.1** 
-1.70++ 
-0.609 
-3.30* 
30.4** 
33.0** 
25.2* 
TSIO 
TSll 
TS12 
269.2** 
262.7** 
272.7** 
-1.40 
-3.07 
-1.75 
31.7++ 
31.0* 
30.7++ 
TS13 106.9++ -2.64* 56.6** 1.44** 
^Dependent variable is critical % N in the leaf ; coded 
%N*100. 
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coefficient of^ 
o o AREA* AREA* AREA* 
DV DVl DV2 DV DVl DV2 R' 
.10 
.08  
.11 
0.0193 .15 
-0.124 .10 
0.0810++ .24 
0.0175 .40 
-0.0716 .37 
0.0641++ .42 
0.0183 -0.1" .40 
-0.0873 1.40 .38 
0.0738+ -0.962 .42 
0.0726* .63 
Table 50. Regressions to predict critical % N in the leaf, 
calculated by the graphical method, on moisture 
stress indexes (21 experiments from CWRC, GPRC, 
MRC, and OAF) 
Regression 
Model 
no. 
Inter­
cept DV DVl DV2 AREA YMAX 
GRl 
GR2 
GR3 
306.6** 
304.6** 
307.0** 
-0.580+ 
-1.31 
-0.927+ 
GR4 
GR5 
GR6 
314.2** 
302.3** 
319.8** 
-2.06+ 
0.519 
-4.58* 
GR7 
GR8 
GR9 
258.9** 
243.1** 
272.2** 
-2.27* 
-1.84 
-4.25* 
36.0** 
40.2** 
29.3* 
GRID 
GRll 
GR12 
266.9** 
251.7** 
272.0** 
-3.34 
-8.42 
^4.22 
31.4+ 
34.9* 
29.4 
GR13 94.83+ -3.20* 56.5** 1.59** 
^Dependent variable is critical % N in the leaf, coded 
%N*100. 
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coefficients of^ 
n o n  A R E A *  A R E A *  A R E A *  
DV" DVl DV2 DV DVl DV2 R' 
.11 
.09 
.12 
0.0274 .18 
-0.0959 ,10 
0.106* .28 
0.0252 .44 
-0.0323 .40 
0.0861++ .46 
0.0222 0.626 .44 
-0.0748 3.75 .41 
0.0863+ -0.202 .46 
0.0871* .67 
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Alternate models were developed for the three moisture 
stress indexes as shown in Tables 49 and 50 by adding vari­
âtes in the following order: linear stress, quadratic stress, 
AREA, and AREA*stress interaction. To check the effect of 
YMAX, it was added in the final model to the quadratic 
function of DVl plus the AREA variate. 
The quadratic functions of the moisture stress variables 
2 had very low R . Addition of the AREA variate gave a large 
2 increase in R but the AREA*stress interaction variâtes gave 
2 • » little or no further increase in R . Addition of YMAX to 
the model with the quadratic function of DV2 and the AREA 
variate also increased the R markedly. The YMAX variable 
distorted the regression coefficient of the highly correlated 
AREA variate (r = -0.74 and -0.66 for the two-step and 
graphical methods, respectively); it had less effect on the 
coefficients of the DV2 variates although YMAX and DV2 were 
correlated nearly as high as YMAX and AREA were (Table 48). 
DV2 was the best moisture stress index tested to explain 
the variability of critical % N in the leaf (Tables 49 and 
2 50). The final models selected, TS9 and GR9, had R -values 
of 0.42 and 0.46 for the two-step and graphical methods, re­
spectively. They included the linear and quadratic variates 
of the DV2 variable and the dummy AREA variate. 
The critical % N values in the leaf calculated from 
Models TS9 and GR9 for AREA = 1 (central Iowa) and AREA = 2 
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(northwest Iowa) and for increasing levels of DV2 are plotted 
in Figure 3. Both models showed that critical % N decreased 
as DV2 increased from 0 to about 25, where minimum critical 
% N occurred, and then increased slightly from 25 to 35 (the 
maximum observed DV2, Table 35). Maximum DV2 of the experi­
ments in central Iowa was about 12, The minimum critical 
% N was expected to occur at DV2 > 35, but the three observa­
tions at the highest DV2 values were too variable to deter­
mine the effects at high moisture stress accurately. The 
DV variable had a similar effect on critical % N as DV2; 
critical % N decreased at an increasing rate, however, in 
Models TS8 and GR8 as DVl increased. 
The AREA variable in the selected models showed that 
the average critical % N in the leaf was 0.25 and 0.29% N 
higher in northwest Iowa than in central Iowa for the two-
step and graphical methods, respectively, as shown in Figure 
3. Although PLDEN differed in the two areas and was highly 
correlated with AREA, the AREA effect on critical % N may 
be largely due to different hybrids. The large effect of 
YMAX on critical % N in Models TS13 and GR13 indicated that 
other factors had influenced the critical % N in the leaf. 
The maximum decrease of critical % N in the leaf of 
about 0,43% N (two-step method. Figure 3) in northwest Iowa 
was greater than was found in the combined analysis of the N 
rates experiments in which critical % N decreased 0,20% as 
2 2 1  
3.40 r 
CENTRAL IOWA, TWO-STEP 
CENTRAL IOWA, GRAPHICAL 
NW IOWA, TWO-STEP 
NW IOWA, GRAPHICAL 
= 2.80 
10 20 30 
DV2-MOIStURE STRESS AFTER SILKING 
Figure 3. Critical N percentages in the leaf by the two-
step and graphical methods versus moisture stress 
index after 75% silking for two locations in Iowa 
(upper limit of observed DV2 in each area is 
shown by the curve) 
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DV increased from 0 to 54 (Table 37). In the combined 
analysis of the NP experiments, the critical % N in the leaf 
decreased 0.17% as DV increased from 0 to 50 (Table 39). 
These differences probably are due to the larger variability 
in estimated critical % N from individual experiments than 
in those estimated from combined data over years. Hybrid 
differences in critical % N may account for much of the 
variability. The decrease in critical % N in the leaf due to 
maximum stress was less than the decreases of 0.5 and 0.7% N, 
without and with high rates of N and P fertilizers, respec­
tively, that were calculated from the data of Voss (1962) 
by Dumenil (1967). 
To determine if the data from central Iowa were causing 
the large effect of YMAX on critical % N in the leaf in this 
data set, the data from the CWRC and OAF were deleted. All 
regressions were rerun on the critical % N data from the 
GPRC and MRC with AREA deleted but YMAX retained. The simple 
correlations between critical % N and stress indexes were 
increased from about -0.30 in Table 48 to -0.49 to -0.59 by 
deleting the central Iowa data. The multiple regressions of 
the northwest Iowa experiments, however, showed an even larger 
effect of YMAX on the R^. In Table 49, YMAX increased the 
R^ of the DV2 model from 0.42 to 0.63; in the revised re-
gressions, addition of YMAX increased the R of the DV2 model 
for the two-step method from 0.34 to 0.82. The relationships 
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between critical % N in the leaf and DV2 in the revised 
regressions were plotted and were almost identical to those 
shown in Figure 3. Apparently, the relationships between 
YMAX and the moisture stress indexes were different at the 
MRC than at the GPRC. 
In summary, moisture stress decreased the critical % N 
in the leaf curvilinearly; the decrease at the maximum ob­
served stress was about 0.43% N. The DV2 variable (stress 
after silking) explained more of the variation in critical 
% N than DVl or DV. Selected regression models of critical 
% N on the quadratic function of DV2 and the dummy AREA vari­
able were used to illustrate the relationships. The maximum 
estimated decrease in critical % N in the leaf due to severe 
moisture stress of about 0.43% N was slightly larger than the 
maximum increase in critical % N in the grain of about 0.30 
to 0.35% N. 
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SUMMARY AND CONCLUSIONS 
In this part of the study, the objectives were to deter­
mine i (1) the effects of corn sequence in a corn-corn-
soybean rotation on critical N and P percentages in the grain 
and leaf, (2) the effects of plant density levels on critical 
N percentages in the grain and leaf, (3) the effects of mois­
ture stress for the season on critical N and P percentages 
in the grain and leaf using a combined analysis of several 
years of data from the same experiment, and (4) the effects 
of moisture stress before silking, after silking, and for the 
season on critical N percentages in the grain and leaf cal­
culated from individual experiments. 
Crop Sequence 
The effects of first-year (CI) and second-year corn (C2) 
in a Cl-C2-soybean rotation on critical N and P percentages 
(critical % N and % P) in the grain and leaf were determined 
using data from the NP rates experiments at the Galva-
Primghar Research Center (GPRC) from 1975 to 1979, The 
critical % N and % P values had been calculated in Part II 
by the two-step method at fixed P and N fertilizer rates, 
respectively, in each experiment. The critical % N and % P 
at the absolute maximum yield (absolute YMAX) of the two-
variable yield response surface also had been calculated pre­
viously. Analyses of variance (AOV) of critical % N and % P 
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in the grain and leaf from the individual experiments were 
computed to determine the significance of crop sequence, fer­
tilizer rate, and the interaction between the two on criti­
cal % N and % P. 
The average critical % N in the grain over all years was 
slightly and significantly less (0,04% N) in C2 than in CI. 
In the leaf, critical % N of CI and C2 did not differ sig­
nificantly. The difference between critical % P in the grain 
of CI and C2 increased with increasing N fertilizer level; 
at the high rate of N, critical % P was 0.012% less in C2 
than CI, significant at the 10% level. Average critical % P 
in the leaf, however, was significantly less (0.035% P) in 
C2 than in CI. The highly significant site-years effect 
showed that weather probably had an important effect on 
critical nutrient levels. 
The corn sequence in the Cl-C2-soybean rotation had less 
effect on critical % N than on critical % P in both the grain 
and leaf. Corn sequence also had less effect on critical % P 
in the grain than in the leaf. Differences in nutrients 
available to CI and C2, because of the N from the preceding 
soybeans for CI and because of inadequate P for C2 (no P fer­
tilizer was applied directly to C2) did not explain the dif­
ferences in critical % P levels. For the estimated rates of 
N and P fertilizers that gave the absolute YMAX of C2, which 
were greater than the maximum rates applied, the critical 
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% P was still less in C2 than in CI. 
Other factors such as differences in moisture stress 
and rootworm damage between CI and C2 may contribute to the 
differences in YMAX and critical % N and % P. These effects, 
however, could not be studied in these data. 
Plant Density 
The effects of plant density on critical % N in the 
grain and leaf were determined from data from the N rate* 
stand level experiment at the MRC. Data were available from 
grain samples at plant densities of 29,700, 39,500, and 
49,400 plants/ha in 1974, 1977, and 1978, and from leaf 
samples at 29,700 and 39,500 plants/ha in 1976 and 1977. 
The critical % N of the grain and leaf, estimated by 
the two-step regression method, were computed in each experi­
ment by two different procedures. In the first one, critical 
% N levels were calculated from the regressions of yield 
(YIELD) and N concentrations of the grain (NGR) and leaf 
(NL) on N fertilizer rates within each stand level. In the 
second, stand level was included in the regression as a vari­
able and regressions of YIELD, NGR, and NL on N fertilizer 
rates and stand levels were computed from the combined data 
for each year. Critical % N levels were then calculated at 
fixed stand levels. In parallel procedures for the graphical 
method, critical % N was estimated, first, from the N treat-
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ment means within each stand level and, second, from treat­
ment means estimated from the regression equations at fixed 
stand levels. 
Increasing stand level significantly decreased average 
critical % N in the corn grain at the 1 to 5% level in the 
3 years if they were calculated from individual stand levels, 
but only at the 20% level if they were calculated from the 
combined data, usually the better procedure. 
Because of the limited range in yield response to plant 
density levels, the limited number of experiments, and the 
occurrence of moderate-severe moisture stress in 1974 and 
1976, the effects of increasing plant density levels on 
critical % N were inconclusive. However, there was a slight 
negative trend on critical % N as plant density level in­
creased which was significant at the 20% to the 1% level, 
depending on the procedure used to determine the critical % N. 
Moisture Stress Effects from Combined Experiments 
Data from all years from the same experiment were com­
bined in regression models of yield and nutrient concentra­
tions in the grain or leaf. These were regressed on the 
quadratic functions of N or P fertilizer rates (linear func­
tion of PK rate in one experiment), the moisture stress in­
dex for the 85-day period (DV), and interactions between 
fertilizer rates and DV. From these equations, critical 
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nutrient levels for different fertilizer and moisture stress 
levels were calculated. 
Available data included: (1) 7 years of data for corn 
grain and 4 years of data for corn leaf from the N rates 
experiment at the GPRC, (2) 5 years of data from the NP 
rates experiment at the GPRC, and (3) 7 years of data from 
the N*PK rates experiment at the OAF. From the N rates ex­
periments, critical % N values in the grain and leaf were 
calculated by the two-step method from the regression equa­
tions at two levels of DV, 0 and 62 for the grain and 0 and 
54 for the leaf. The critical % N in the grain increased 
0.13% as DV increased from 0 to 62 (moderate-severe stress) 
and that in the leaf decreased 0.20% as DV increased from 
0 to 54. The YMAX decreased as stress increased and less N 
fertilizer was required to reach YMAX; these are the usual 
effects of moisture stress (Sridodo, 1980). 
The critical % N in the grain and leaf in the individual 
experiments varied from 1.52 to 1.8l% N and from 3.06 to 
3.21% N, respectively. The estimated critical % N values 
from the combined data as DV increased from 0 to moderate-
severe were 1.58 to 1.71% N in the grain and 3.30 to 3.10% N 
in the leaf. The moisture stress variable explained most of 
the variability in the calculated critical % N in the indi­
vidual years. 
To study the effect of moisture stress on the critical 
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%  N  and % P in the corn grain and leaf, 5 years of data 
were combined from the NP experiment at the GPRC. The mois­
ture stress indexes (DV) ranged from 0 to 54. The data for 
CI and C2 in the Cl-C2-soybean rotation were analyzed sepa­
rately. The dependent variables of YIELD, NGR, PGR, NLl, and 
PLl for the two-step method were regressed on the quadratic 
functions of N and P fertilizer rates, the N*P interaction, 
linear function of DV, and the N*DV and P*DV interactions. 
Critical % N and % P in the grain and leaf were then esti­
mated from the regressions at fixed levels of the other fer­
tilizer nutrient, for CI and C2, and at two DV levels of 
0 to 50. 
In CI of the NP experiments, an increase in moisture 
stress from DV = 0 to 50 increased critical % N in the grain 
about 0.14%, decreased it in the leaf about 0.07%, and de­
creased critical % P in the grain and leaf 0.017% and 0,018%, 
respectively. These effects were the same at all rates of 
the other fertilizer nutrient because no interactions with DV 
occurred. All of the N or P fertilizer effects on the criti­
cal percentages of the other nutrient in CI estimated by the 
combined analysis were similar to the trends calculated from 
averages of individual experiments and reported in Part ll 
of this study. 
In C2, relationships among critical nutrient percentages, 
moisture stress, and fertilizer rates were generally more 
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complex because of the interactions between DV and fer­
tilizer rates. The critical % N in the grain of C2 in­
creased an average of 0.23% as DV increased from 0 to 50; 
DV decreased critical % N only slightly as P rate increased 
because the interactions with DV were small. In the leaf 
of C2, DV had no effect on critical % N at the Pq level, 
but it had an increasingly negative effect on critical % N 
(maximum of -0.17% N) as P rates increased because of the 
interactions between DV and fertilizer rates. 
In the grain of C2 of the NP experiments, DV decreased 
critical % P at low levels of N fertilizer but increased 
critical % P at higher N rates. This marked interaction 
effect was due to the interactions between DV and the fer­
tilizers both in the YIELD and PGR regressions. Predicted 
critical % P at the higher N rates with no moisture stress 
appeared to be unreasonably low, probably due to errors of 
estimation involving extrapolated values. In the leaf of 
C2, DV from 0 to 50 decreased critical % P about 0.019% at 
all rates of N. The DV interactions had little effect on 
critical % P but did affect some of the associated factors 
such as associated % N value and YMAX. 
The regression analysis of the combined 5 years of data 
from the NP experiments to determine the effects of moisture 
stress on critical % N and % P values gave reasonable results 
in most cases. Additional years of data are needed to de­
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termine the curvilinear effects of moisture stress; in these 
models, some distortion of estimated critical percentages at 
the extremes of the DV and fertilizer levels may be due to 
fitting a linear DV function to a curvilinear relationship. 
To study the effect of moisture stress on critical % N 
in corn grain in another environment, 7 years of data were 
combined from the N*PK rates experiment at OAF. DV ranged 
from 0 to 31 (moderate stress) for the 85-day period. As DV 
increased, critical % N increased very slightly (0.04% N) 
without PK but did not change with PK. The PK fertilizer 
decreased critical % N slightly at DV = 30 (-0,04% N) but 
had no effect at DV = 0. Increasing DV decreased YMAX more 
without PK than with PK. 
Moisture Stress Effects from Individual Experiments 
The effects o f  moisture stress in three time periods 
(DVl = 40 days prior to the 75% silking date, DV2 = 45 days 
after 75% silking, and DV = total 85-dày period) on critical 
% N in the grain and leaf from 26 and 21 individual site-
years, respectively, were determined by multiple regression. 
The critical % N, calculated by the two-step and graphical 
methods, were regressed on quadratic functions of each mois­
ture stress index (DV, DVl, or DV2), AREA (coded, central 
Iowa = 1 and northwest Iowa = 2), and the maximum yield 
(YMAX) associated with the critical % N in the experiment. 
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The regression models were developed by forward selection; 
the variates added successively were: linear stress, squared 
stress, AREA, AREA*stress interaction, and YMAX. 
The critical % N in the grain was highly correlated 
with YMAX and all moisture stress indexes, particularly DVl. 
In the critical % N models, near-maximum R^-values of 0.69 
and 0,58 for the two-step and graphical methods, respective-
ly, were attained with the DVl, DVl , and AREA variates. 
DVl was the best stress index tested to explain variability 
of critical % N in the grain. 
AS DVl increased from 0 to 20 (near the maximum observed 
value), the critical % N in the grain increased from 1.59 to 
1.93% N and from 1.56 to 1.85% N with the two-step and 
graphical methods, respectively. The AREA variable showed 
that the critical % N in the grain was 0.06 to 0.09% higher 
in northwest Iowa than in central lowa. The effect of mois­
ture stress on critical % N in the grain in this analysis 
of critical % N values from individual site-years in north­
west Iowa was somewhat greater than was found in the combined 
analysis of the N rates and NP rates experiments. 
The critical % N in the leaf was not correlated with 
YMAX and was only slightly correlated with the moisture 
stress variables in the 21 site-years. The YMAX and AREA 
variables were highly correlated. The correlations between 
variables were different in the leaf and grain data. 
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Moisture stress decreased the critical % N in the leaf 
curvilinearlyj the decrease at the maximum observed stress 
was about 0.43% N. The DV2 variable (stress after silking) 
explained more of the variation in critical % N than DVl 
(stress prior to silking) or DV (total stress in the 85-day 
period). The selected regression models of critical % N, 
calculated by both the two-step and graphical methods, on 
the quadratic function of DV2 and the dummy AREA variable 
were used to illustrate the relationships. 
The moisture stress variable had a less significant 
effect on critical % N in the leaf than it had on critical 
% N in the grain. The AREA variable had about the same ef­
fect, but the YMAX variable had a large effect on critical 
% N in the leaf and little effect on critical % N in the 
grain in the regression models. 
The maximum estimated decrease in critical % N in the 
leaf due to severe moisture stress of about 0.43% N was 
slightly larger than the maximum increase in critical % N 
in the grain of about 0.30 to 0.35% N. 
Effects of moisture stress on critical % N in both the 
grain and leaf were larger if estimated from the critical % N 
values of individual experiments than if estimated from the 
combined data. The differences were due, in part, to larger 
variability in estimated critical % N from individual 
234 
experiments than from combined data over years. Part of 
the variability also was due to hybrid effect on critical 
% N because the hybrids used were not the same in all data 
sets. 
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GENERAL SUMMARY AND CONCLUSIONS 
Many investigators over the years have studied the pos­
sibility of utilizing the nutrient concentration in a plant 
or plant part as a measure of the nutritional status of the 
crop and as a guide for fertilizing for optimum or maximum 
crop yields. Macy (1936) developed the basic concept of 
critical nutrient percentage which is the nutrient concen­
tration in the plant or plant part associated with maximum 
yield with respect to the nutrient. This study of critical 
N and P percentages (critical % N and % P) in the corn leaf 
and grain is a continuation of the research in this area. 
The major objectives of this study were; (1) to compare 
methods for calculating maximum yields of corn and associated 
critical % N and % P in the corn grain and leaf, (2) to de­
termine the effect of time of leaf sampling at or near the 
silking period on critical % N, (3) to determine the effects 
of P and K fertilizer rates on critical % N and of N rates on 
critical % P in both the corn grain and leaf, and (4) to 
determine the effects of crop sequence, plant density, and 
moisture stress on critical nutrient percentages. 
Yield and plant composition data were from long-term 
fertilizer experiments conducted by the soil fertility 
personnel. Department of Agronomy, Iowa State University, 
at four research centers in Iowa, as follows: (l) Clarion-
Webster Research Center (CWRC), NK rates experiment (8 years) 
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and N rates experiment (1 year); (2) Galva-Primghar Research 
Center (GPRC), NP rates experiment (5 years) and N rates 
experiment (9 years)? (3) Moody Research Center (MRC), N 
rates and stand level experiment (7 years) and NP rates ex­
periment (1 year); and (4) Old Agronomy Farm (OAF), N and 
PK rates experiment (7 years). 
Corn yield and associated data were obtained from the 
experiments by the research center personnel. Corn leaves 
were sampled from all or selected treatments in the experi­
ments when about 75% of the plants of most treatments were 
silked. The sampled leaf was the first leaf below and oppo­
site the primary ear leaf. Corn grain was sampled at har­
vest. All plant samples were analyzed for total N content, 
many were analyzed for total P, and a few were analyzed for 
total K. 
The results of this study will be summarized in the fol­
lowing four sections: (1) comparisons of three methods used 
to calculate critical nutrient percentages in the grain and 
leaf from the yield and plant composition data and the effects 
of time of leaf sampling on the calculated critical % N in the 
leaf; (2) the effects of P and K fertilizer rates on critical 
% N and of N rates on critical % P in the grain and leaf ; 
(3) the effects of crop sequence, plant density, and moisture 
stress on critical % N and % P in the grain and leaf; and 
(4) the relative effectiveness of grain and leaf for use in 
plant analysis. 
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Methodology 
Three methods to calculate critical nutrient percentages 
were compared in the first section, and the effects of time 
of leaf sampling on the calculated critical % N in the leaf 
were determined in the second section of this part. 
Comparison of methods for estimating the critical N 
percentage in the corn grain and leaf 
Data were available from 31 and 24 site-years of ex­
periments to determine the critical % N in the grain and 
leaf, respectively, by the direct and two-step regression 
methods and the graphical method. 
By the direct method, the observed corn yields were re­
gressed on the quadratic function of the corresponding N 
percentages in the grain and leaf. The N percentage at the 
maximum yield (YMAX) was the critical % N, provided YMAX 
occurred in the function. 
By the two-step method, both the corn yields and N con­
centrations from all observations were regressed on the 
quadratic function of N fertilizer rates. The N level 
associated with YMAX, provided YMAX occurred in the func­
tion, was calculated from the partial derivative of the 
yield equation. This amount of N then was substituted in 
the yield and N concentration equations to obtain the YMAX 
and critical % N, respectively. 
By the graphical method, the critical % N was defined 
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as the % N at the highest yield, if it was significantly higher 
(10% level) than the yield from either of the two preceding 
increments of N. If not, the average % N of the highest yield 
and yield of the preceding increment was the critical % N. 
The critical % N values in the grain and leaf could be 
calculated by all the three methods in 24 and 21 site-years 
of experiments, respectively. The methods were compared 
in the grain and leaf data separately by computing the 
simple correlations between their "YMAX and critical % N 
values from all site-years. The ratios of the variances of 
YMAX and critical % N calculated by each method were also 
tested for significance. 
In most comparisons involving the single-variable 
functions used, the direct method was poorer than the other 
two methods. The critical % N by the direct method could 
not be estimated in several cases, was unrealistically high 
in several cases, was not highly correlated with critical % N 
estimated by the other methods, and had a significantly 
higher variance than that from either of the other methods. 
For these reasons, the use of the direct method was discon­
tinued. 
It was not compared, however, with the two-step method 
for estimating critical % N in multivariable experiments or 
in data combined over years. 
In most comparisons, the two-step regression and 
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graphical methods were closely related. The most important 
difference was that the mean YMAX and critical % N values 
estimated by the graphical method were slightly less than 
those by the two-step method. The two-step method gives an 
unbiased estimate of both YMAX and critical % N parameters, 
although the errors of estimate are increased because of the 
use of two prediction equations. The graphical method is 
an empirical method designed to minimize bias; however, it 
still underestimates both parameters slightly on the average. 
The main advantage of the graphical method, besides its 
simplicity, is that it provides a common sense check of the 
estimates from the statistical procedure. If the critical 
% N cannot be calculated by the two-step method, an estimate 
usually can be gotten by the graphical method. If maximum 
yield is not attained in an experiment, the critical % N 
cannot be estimated accurately by the graphical method. In 
this case, the two-step regression method usually will give 
good estimates of YMAX and critical % N although both will 
be extrapolated values with increased errors of estimation. 
Effect of time of leaf sampling on estimating critical N 
percentage 
The effect of time of leaf sampling on the N concentra­
tion and critical % N in the corn leaf was determined in five 
experiments (eight individual comparisons) at the MRC and 
GPRC in 1975 and 1976 which were leaf sampled at the usual 
time and again 4 to 8 days later. The 75% silking dates 
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of all plots were also available. 
The critical % N computed by either the two-step or 
graphical method was higher at the first sampling than at 
the second sampling 4 to 8 days later in 6 of 8 comparisons. 
The differences between critical % N at the two sampling 
times varied from +0.13 to -0.48% N. These variations in 
critical % N due to time of sampling may explain, in part, 
the different critical % N values in the corn leaf reported 
in the literature. 
Because leaf N and critical % N vary with time of 
sampling, variations among experiments might be reduced if 
the leaf N concentrations were adjusted to constant physio­
logical maturity, i.e., the 75% silking date. The use of 
covariance analysis to adjust leaf N of each treatment to 
its 75% silking date was investigated using DAYDIFF (dif­
ference between sampling and 75% silking dates of each plot) 
as the covariate. Because of the high correlations between 
N fertilizer rates and 75% silking dates in most experiments, 
covariance analysis could not be used to adjust the leaf N 
of treatments to a comparable stage of maturity based on a 
single sampling. 
A regression model then was developed to adjust the leaf 
N of each N treatment to its 75% silking date by combining 
data from both times of sampling. The percent N in the leaf 
at either sampling time was regressed on N fertilizer rates. 
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DAYDIFF» and the interaction between the two. The DAYDIFF 
variable gave the direction and magnitude of the change in 
leaf N from the sampling date to the silking date. The 
N*DAYDIFF interaction was significant in two comparisons, 
which showed that rate of N affected the change in leaf N 
between sampling dates. 
From the regression equation for each experiment, the 
leaf N value of each treatment was adjusted to its 75% 
silking date. The critical % N values calculated from 
adjusted leaf N were generally closer to those calculated 
from the first than from the second sampling date because 
the first sampling date was closer to the average 75% silk­
ing date of all treatments. 
In the final phase of the study, the changes in leaf N 
between the second and first sampling (NDIFF) were regressed 
on N fertilizer rates and two weather variables by combining 
data from all experiments. Prior to analysis, NDIFF was 
adjusted linearly to the average 6-day difference between 
sampling dates. The weather variables were: RAIN, rainfall 
between dates of sampling, and DVl, moisture stress index 
for the 40-day period prior to silking. Only three site-
years of weather conditions were available; therefore, only 
the methodology and trends could be studied. The regression 
analysis of NDIFF showed that the decrease in leaf N became 
less as N rate increased. The change in leaf N from the 
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first to second sampling time became less negative and then 
positive as rainfall between sampling dates increased. 
Greater moisture stress increased the negative change in 
leaf N between sampling dates. Because of the various 
possible combinations of RAIN and DVl, the change in leaf N 
with time during the silking period may vary from negative 
to positive. The results show that sampling individual plots 
when each attains the 75% silking stage has some risk if 
rainfall occurs between the sampling dates. 
The effects of time of leaf sampling and weather vari­
ables prior to and during the silking period on N concentra­
tion in the leaf should be considered in the interpretation 
of leaf analysis. Because of these effects, interpretation 
of grain N analysis may be less difficult than interpreta­
tion of leaf N analysis. 
Effects of Deficiency of One Element on 
the Critical Concentration of Another 
The objectives of this part of the study were to deter­
mine the effects of P and K fertilizers on critical N per­
centages (critical % N) and the effects of N fertilizer on 
critical P percentages (critical % P), both in the corn 
grain and leaf. 
The experimental data used in this study were from: 
5 years and both corn crops of the Cl-C2-soybean rotation 
from the NP rates experiment at the GPRC; 1 year and both 
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corn crops from the NP experiment at the MRCj 7 years of 
continuous corn from the NK rates experiment at the CWRC; 
and 4 years of continuous corn from the N*PK rates experi­
ment at the OAF. 
For the two-step regression method, multiple regres­
sions from each experiment were computed for yield and 
nutrient concentration of N or P in the grain and leaf on 
the linear or quadratic function of N, P, K, or PK fer­
tilizer rates included in the experiment plus the inter­
actions between fertilizer variables. Critical % N and % P 
values were calculated for fixed levels of the second nutri­
ent element from the regression equations. Critical % N 
and % P values were also computed for the maximum yield of 
the two-variable yield response surface on N and P fertilizer 
rates for the NP rate experiments. 
For the graphical method, critical % N and %P values 
were calculated from the treatment means at the different 
fixed fertilizer levels. 
Average critical values of one nutrient at each experi­
mental level of the second fertilizer nutrient were calcu­
lated over all experiments to determine the trends of the 
critical nutrient level at increasing rates of the other 
variable. Analysis of variance of the critical values at 
different fertilizer levels in the individual experiments 
were computed to determine the statistical significance of 
these trends. 
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In the NP rate experiments, the critical % N in the 
grain and leaf in both corn crops increased slightly but 
significantly at the 1% to 15% levels as P fertilizer levels 
increased. As P fertilizer increased from 0 to 101 kg P/ha, 
the critical % N, calculated by the two-step method, in­
creased 0.11, 0.04, O.lO, and 0.06% in the grain of CI and 
C2 and leaf of CI and C2, respectively. Residual effects 
from the P fertilizer applied only to CI in these experiments 
were inadequate for maximum yields of C2. 
The effects of P fertilizer rates on critical % N in 
the grain and leaf of CI are illustrated by the following 
contrasts computed by the two-step method. The critical % N 
in the grain varied from 1.54 to 1.66% as P rates increased 
from 0 to 93 kg P/ha, as N rates at YMAX increased from 134 
to 166 kg N/ha, as associated % P in the grain increased 
from 0.201 (low) to 0.283, and as corn yield increased from 
81% to 100% of YMAX. In the leaf of CI, critical % N in­
creased from 3.13 to 3.29% as P rates increased from 0 to 
93 kg P/ha, as N rates at YMAX increased from 136 to 176 
kg N/ha, as associated % P in the leaf increased from 0.233 
to 0.311, and as yield increased from 79% to 100% of YMAX. 
All of the above simultaneous changes as P rates were in­
creased show the complexity of the interrelationships in­
volving yield and plant composition. The Pq plots of the 
soil tested very low in P although its yields of about 80% 
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of YMAX indicated a somewhat higher availability of soil P, 
part of which may have come from the subsoil. 
In the NP rates experiments» the critical % P in the 
grain decreased and that in the leaf increased significantly 
as N fertilizer rates increased. As N increased from 0 to 
168 kg N/ha, the critical % P, averaged over both corn crops, 
decreased 0.028% in the grain and increased 0.058% in the 
leaf, as calculated by the two-step method. Thus, the ef­
fects of N fertilizer on critical % P were less in the grain 
than in the leaf. The largest changes in critical % P gen­
erally occurred from the first increment of N fertilizer. 
As calculated by the two-step method, the critical % P 
in the grain of C2 decreased from 0.306 to 0,266 as N rates 
increased from 0 to 186 kg N/ha, as P rates at YMAX in­
creased from 77 to 135 kg P/ha, as associated % N in the 
grain increased from 1.30 to 1.71%, and as corn yield in­
creased from 60% to 100% of absolute YMAX. In the leaf of 
C2, critical % P increased from 0.234 to 0.298% as associated 
% N in the leaf increased from 2.14 to 3.23% and as N and P 
rates and corn yield changed the same as given in the pre­
ceding sentence. 
Critical % P values in corn grain have not been reported 
in the literature, but those of the corn leaf have been re­
ported frequently. The calculated critical % P values in 
the grain found in this study can be used to evaluate the P 
fertility status of the corn crop and soil, provided the N 
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concentrations in the grain also are considered. 
These relationships between critical % N and % P at 
yield levels below the absolute YMAX (from the optimum com­
bination of N and P fertilizers) agree with the results of 
Dumenil (1961) and Voss et al. (1970) who reported that the 
critical % N and % P varied, depending on the level of the 
other nutrient. If all factors except one nutrient are 
adequate or nearly adequate for maximum yield, the critical 
nutrient percentage of that one nutrient then will have a 
constant value or narrow range of values as Macy (1936) and 
Ulrich (1952) postulated. 
In the seven NK experiments from the CWRC, critical % N 
in the leaf decreased slightly but significantly as K fer­
tilizer level increased. The critical % N in the leaf com­
puted by the two-step method decreased 0.11% as K increased 
from 0 to 179 kg K/ha. In these experiments, K fertilizer 
had little effect on yield. 
In the four N*PK experiments from the OAF, the PK fer­
tilizer had no significant average effect on critical % N. 
The effect of increasing P and K fertilizer rates on critical 
% N could not be determined because only one rate of the two 
nutrients was included in the experimental design. 
In all analyses of variance, site-years had highly sig­
nificant effects on the critical nutrient percentages; these 
effects probably were due to weather variations. The weather 
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effects will be summarized in the next section. 
Effects of Some Management and Environmental 
Factors on Critical Nutrient Concentrations 
In this part of the study, the objectives were to de­
termine; (1) the effects of corn sequence in a corn-corn-
soybean rotation on critical % N and % P in the grain and 
leaf, (2) the effects of plant density on critical % N in 
the grain and leaf, (3) the effects of moisture stress for 
the season on critical % N and % P in the grain and in the 
leaf, using a combined analysis of several years of data from 
the same experiment, and (4) the effects of moisture stress 
before silking, after silking, and for the season on critical 
% N in the grain and leaf calculated from individual site-
years . 
Crop sequence 
The effects of first-year (Cl) and second-year corn (C2) 
in a Cl-C2-soybean rotation on critical % N and % P in the 
grain and leaf were determined using data from the NP experi­
ments at the GPRC from 1975 to 1979. The critical % N and 
% P values for each crop in each year had been calculated 
previously by the two-step method at fixed P and N fertilizer 
rates, respectively, and at the absolute YMAX of the two-
variable yield function. Analyses of variance (AOV) of 
critical % N and % P in the grain and leaf from the individu­
al experiments were computed to test the significance of crop 
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sequence, fertilizer rate, and their interaction on critical 
% N and % P. 
The average critical % N in the grain over all years 
was slightly and significantly less (0.04% N) in C2 than in 
CI. In the leaf, critical % N of CI and C2 did not differ 
significantly. The difference between critical % P in the 
grain of CI and C2 increased with increasing N fertilizer 
level; at the high rate of N, critical % P was 0.012% less 
in C2 than CI, significant at the 10% level. Average critical 
% P in the leaf, however, was significantly less (0.035% p) 
in C2 than CI. 
The corn sequence in the Cl-C2-soybean rotation had less 
effect on critical % N than on critical % P in both the grain 
and leaf. Corn sequence also had less effect on critical 
% P in the grain than in the leaf. Differences in nutrients 
available to CI and C2 because of the N from the preceding 
soybeans for CI and because of inadequate P for C2 (no P fer­
tilizer was applied directly to C2) did not explain the dif­
ferences in critical % P levels. At the estimated N and P 
rates that gave the absolute YMAX of C2, which were greater 
than the maximum rates applied, the critical % P was still 
less in C2 than in CI. 
Other factors such as differences in moisture stress 
and rootworm damage between Cl and C2 may contribute to the 
differences in YMAX and critical % N and % P. These effects. 
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however, could not be studied in these data. 
Plant density 
The effects of plant density on critical % N in the 
grain and leaf were determined from data from the N rate and 
stand level experiment at the MRC. Data were available from 
grain samples for plant densities of 29,700, 39,500, and 
49,400 plants/ha in 1974, 1977, and 1978, and from leaf 
samples at 29,700 and 39,500 plants/ha in 1976 and 1977. 
The critical % N in the grain and leaf estimated by the 
two-step regression method were computed in each experiment 
by two different procedures. In the first one, critical % N 
levels were calculated from the regressions of yield (YIELD) 
and N concentrations of the grain (NGR) and leaf (NL) on N 
fertilizer rates within each stand level. In the second, 
stand level was included in the regression as a variable and 
regressions of YIELD, NGR, and NL on N fertilizer rates and 
stand levels were computed from the combined data for each 
year. Critical % N levels were than calculated at fixed 
stand levels. In parallel procedures, critical % N values 
were estimated by the graphical method; first, from the N 
treatment means within each stand level and, second, from 
treatment means estimated from the regression equations at 
fixed stand levels. 
Increased stand level significantly decreased average 
critical % N in the corn grain at the 1 to 5% level in the 
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3 years if they were calculated from individual stand 
levels, but only at the 20% level if they were calculated 
from the combined data, usually the better procedure. 
Because of the limited range in yield response to plant 
density levels, the limited number of experiments, and the 
occurrence of moderate-severe moisture stress in 1974 and 
1976, the effects of increasing plant density levels on 
critical % N were inconclusive. However, there was a slight 
negative trend on critical % N as plant density level in­
creased which was significant at the 20% to the 1% level, 
depending on the procedure used to determine the critical 
% N. 
Moisture stress effects from combined experiments 
Data from all years from the same experiment were com­
bined in regression models of yield and nutrient concentra­
tions in the grain or leaf on the quadratic functions of N 
or P fertilizer rates (linear function of PK rate in one 
experiment), the moisture stress index for the 85-day 
period (DV), and interactions between fertilizer rates and 
DV. From these equations, critical nutrient levels for 
different fertilizer and moisture stress levels were 
calculated. 
Available data included; (1) 7 years of data for corn 
grain and 4 years of data for corn leaf from the N rates ex­
periment at the GPRC, (2) 5 years of data from the NP rates 
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experiment at the GPRC, and (3) 7 years of data from the 
N*PK rates experiment at the OAF. 
From the N rates experiments, critical % N values in the 
grain and leaf were calculated by the two-step method from 
the regression equations at two levels of DV, 0 and 62 for 
the grain and 0 and 54 for the leaf. The critical % N in 
the grain increased 0.13% as DV increased from 0 to 62 
(moderate-severe stress) and that in the leaf decreased 
0.20% as DV increased from 0 to 54. The YMAX decreased as 
stress increased and less N fertilizer was required to reach 
YMAX, the usual effects of moisture stress. 
The critical % N in the grain and leaf in the individu­
al experiments varied from 1.52 to 1.81% N and from 3.06 
to 3.21% N, respectively. The estimated critical % N values 
from the combined data as DV increased from 0 to moderate-
severe were 1.58 to 1.71% N in the grain and 3.30 to 3.10% N 
in the leaf. The moisture stress variable explained most of 
the variability in the calculated critical % N in the in­
dividual years. 
To study the effect of moisture stress on both the 
critical % N and % P in the corn grain and leaf, 5 years of 
data were combined from the NP experiment at the GPRC. The 
moisture stress indexes (DV) ranged from 0 to 54. The data 
for CI and C2 in the Cl-C2-soybean rotation were analyzed 
separately. The dependent variables of YIELD, NCR, PGR, 
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NLl, and PLI for the two-step method were regressed on the 
quadratic functions of N and P fertilizer rates, the N*P 
interaction, linear function of DV, and the N*DV and P*DV 
interactions• Critical % N and % P in the grain and leaf 
were then estimated from the regressions at fixed levels of 
the other fertilizer nutrient, for CI and C2, and at two DV 
levels of 0 to 50. 
In CI of the NP experiments, an increase in moisture 
stress from DV = 0 to 50 increased critical % N in the grain 
about 0.14%, decreased critical % N in the leaf about 0.07%, 
decreased critical % P in the grain about 0.017%, and 
decreased critical % P in the leaf about 0.018%, These 
effects were the same at all rates of the other fertilizer 
nutrient because no interactions with DV occurred. All of 
the N or P fertilizer effects on the critical percentages of 
the other nutrient in CI estimated by the combined analysis 
were similar to those reported in Part II of this study. 
In C2, relationships among critical nutrient percentages, 
moisture stress, and fertilizer rates were generally more 
complex because of the interactions between DV and fertilizer 
rates. The critical % N in the grain of C2 increased an 
average of 0,23% as DV increased from 0 to 50; DV decreased 
critical % N only slightly as P rate increased because the 
interactions with DV were small. In the leaf of C2, DV had 
no effect on critical % N at the Pq level but it had an 
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increasingly negative effect on critical % N (maximtim of 
-0.17% N) as P rates increased because of the interactions 
between DV and fertilizer rates. 
In the grain of C2 of the NP experiments, DV decreased 
critical % P at low levels of N fertilizer but increased 
critical % P at higher N rates. This marked interaction 
effect was due to the interactions between DV and the fer­
tilizers both in the YIELD and PGR regressions. Predicted 
critical % P at the higher N rates with no moisture stress 
appeared to be unreasonably low, probably due to errors of 
estimation involving extrapolated values. In the leaf of 
C2, DV from 0 to 50 decreased critical % P about 0.019% at 
all rates of N. 
The regression analysis of the combined data from the 
NP experiments to determine the effects of moisture stress 
on critical % N and % P gave reasonable results in most cases. 
Additional years of data are needed to determine the curvi­
linear effects of moisture stressj in these models, some 
distortion of estimated critical percentages at the extremes 
of the DV and fertilizer levels may be due to fitting a linear 
DV function to a curvilinear relationship. 
To study the effect of moisture stress on critical % N 
in corn grain in another experiment, 7 years of data were 
combined from the N*PK rates experiment at OAF. DV ranged 
from 0 to 31 (moderate stress) for the 85-day period. As DV 
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increased, critical % N increased very slightly (0.04% N) 
without PK but did not change with PK. The PK fertilizer 
decreased critical % N slightly at DV = 30 (-0.04% N) but 
had no effect at DV = 0. Increasing DV decreased YMAX more 
without PK than with PK. 
Moisture stress effects from individual experiments 
The effects of moisture stress in three time periods 
(DVl = 40 days prior to the 75% silking date, DV2 = 45 days 
after 75% silking, and DV = total 85-day period) on critical 
% N in the grain and leaf from 26 and 21 individual site-
years, respectively, were determined by multiple regression. 
The critical % N, calculated by the two-step and graphical 
methods, were regressed on quadratic functions of each mois­
ture stress index (DV, DVl or DV2), AREA (coded, central lovja 
= 1 and northwest Iowa = 2), and the maximum yield (YMAX) 
associated with the critical % N in the experiment. The re­
gression models were developed by forward selection; the 
variates added successively were: linear stress, squared 
stress, AREA, AREA*stress interaction, and YMAX. 
The critical % N in the grain was highly correlated with 
YMAX and all moisture stress indexes, particularly DVl. In 
2 the critical % N models, near-maximum R -values of 0.69 and 
0.58 for the two-step and graphical methods, respectively, 
were attained with the DVl, DVl , and AREA variates. DVl was 
the best stress index tested to explain variability of 
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critical % N in the grain. 
As DVl increased from 0 to 20 (near the maximim ob­
served value), the critical % N in the grain increased from 
1.59 to 1.93% N and from 1.56 to 1.85% N with the two-step 
and graphical methods, respectively. The AREA variable 
showed that the critical % N in the grain was 0.06 to 0.09% 
higher in northwest Iowa than in central Iowa. The effect 
of moisture stress on critical % N in the grain in this 
analysis of critical % N values from individual site-years 
in northwest Iowa was somewhat greater than was found in the 
combined analysis of the N rates and NP rates experiments. 
The critical % N in the leaf was not correlated with 
YMAX and was only slightly correlated with the moisture 
stress variables in the 21 site-years. The YMAX and AREA 
variables were highly correlated. The correlations between 
variables were different in the leaf and grain data. 
Moisture stress decreased the critical % N in the leaf 
curvilinearly; the decrease at the maximum observed stress 
was about 0.43%. The DV2 variable (stress after silking) 
explained more of the variation in critical % N than DVl 
(stress prior to silking) or DV (total stress in the 85-day 
period). The selected regression models of critical % N, 
calculated by both the two-step and graphical methods, on 
the quadratic function of DV2 and the dummy AREA variable 
were used to illustrate the relationships. 
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The moisture stress variable had a less significant 
effect on critical % N in the leaf than it had on critical 
% N in the grain. The AREA variable had about the same 
effect, but the YMAX variable had a large effect on criti­
cal % N in the leaf and little effect on critical % N in the 
grain in the regression models. 
The maximum estimated decrease in critical % N in the 
leaf due to severe moisture stress of about 0.43% N was 
slightly larger than the maximum increase in critical % N 
in the grain of about 0,30 to 0,35% N, Effects of moisture 
stress on critical % N in both the grain and leaf were 
larger if estimated from the critical % N values of indi­
vidual experiments than if estimated from the combined data. 
The differences were due, in part, to larger variability in 
estimated critical % N from individual experiments than from 
combined data over years. Part of the variability also was 
due to hybrid effect on critical % N because the hybrids used 
were not the same in all data sets. 
Relative Effectiveness of Grain and Leaf 
for Use in Plant Analysis 
The relative effectiveness of the grain and leaf parts 
of corn for use in plant analysis was of interest in this 
study. Sampling of grain for analysis has several practical 
advantages. The grain yield should be better related to 
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plant nutrients if the time of sampling is closer to physio­
logical maturity. Grain is easier to sample than corn leaves, 
either from experimental plots or from a field. If corn 
from different soil areas in a field is to be sampled, these 
aeeas can be located easier in the fall after the corn is 
dry and visibility is good than at silking time. Corn grain 
can be sampled any time after physiological maturity but the 
results in Part I show that the time of leaf sampling in re­
lation to the 75% silking date affects % N and critical % N 
in the leaf. If treatments affect maturity, all treatments 
either can be leaf sampled at the same time or each one can 
be sampled at its 75% silking date. Problems can arise with 
either procedure. 
Leaf samples have some advantages over grain samples. 
Most elements can be analyzed in the leaf and related to 
yield to establish critical nutrient percentages. For grain, 
fewer elements probably can be related to yield. The grain 
has a relatively small content of bases. A larger range of 
% N occurs in the leaf than in the grain; this may have no 
advantage, however, if errors are proportionately larger. 
Although several comparisons between the nutrient con­
centrations in the leaf and grain and relative effects of 
other factors on nutrient changes in both could have been 
made, none was made specifically for this purpose. The 
yield - nutrient concentration relationships and critical 
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nutrient percentages in both the leaf and grain were deter­
mined for many experiments and groups of experiments. Some 
relative comparisons of leaf and grain sampling are as 
follows» 
1. The coefficients of variability (average of two-
step and graphical methods) of the critical % N in 
the grain and leaf were 9.4% and 10.8% in the 24 and 
21 site-years, respectively, as was shown in Part I. 
The corresponding CV values for YMAX were 21.8% and 
21.2%, respectively. These are very small differ­
ences considering that the two data sets included a 
different mix of site-years. 
2. In the MP experiment at the GPRC (Part II), as P 
rates increased from 0 to the rate that gave the 
absolute YMAX of CI, critical % N increased from 
1.54 to 1.66% (+8% change) in the grain and from 
3.13 to 3,29% (+5% change) in the leaf. As N rates 
increased to the rate associated with absolute YMAX, 
critical % P (averaged over CI and C2) decreased 
0.028% (-9% change) in the grain but increased 
0.061% (+24% change) in the leaf. Thus, the rela­
tive changes in critical % N due to P fertilizer 
was similar in the grain and leaf but changes in 
critical % P due to N fertilizer were larger and in 
a different direction in the leaf than in the grain. 
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In the comparisons between CI and C2 in the NP ex­
periments, average critical % N in both the grain 
and leaf were only about 0.04% less in C2 than in 
CI. The critical % P in the grain at the high level 
of N was 0.012% (-4% change) less in C2 than in CI, 
but in the leaf it was 0.035% (-12% change) less 
in C2 than in CI. Thus, the corn sequence had 
less effect on critical % P in the grain than in 
the leaf. 
In the combined data from the N rates experiment at 
the GPRC, critical % N in the grain over 7 years in­
creased 0.13% (+8%) as DV increased from 0 to 62 
(moderate-severe stress); over 4 years, it decreased 
0.20% (-6%) in the leaf as DV increased from 0 to 54. 
Although these results are from different years, the 
relative changes due to moisture stress were similar 
in magnitude but of opposite sign. 
In the combined data of CI from the NP experiment, 
an increase in moisture stress from DV = 0 to 50 
increased critical % N in the grain 0.14% (+9% 
change), decreased critical % N in the leaf 0.07% 
(-2% change), decreased critical % P in the grain 
0.017% (-6% change), and decreased critical % P in 
the leaf 0.018% (-6% change). These changes were 
the same at all levels of the other nutrient because 
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no interactions between moisture stress and fer­
tilizer nutrients occurred with CI. 
In C2, relationships were more complex because 
of interactions between DV and fertilizer rates. 
The critical % N in the grain increased 0.23% (+15% 
change) as DV increased from 0, to 50. In the leaf, 
critical % N decreased 0,17% (-5% change) with the 
same change in DV and at the highest rate of P fer­
tilizer. In the grain of C2, the effect of DV on 
critical % P was erratic; in the leaf, critical % P 
decreased 0.019% (-7% change) as DV increased from 
0 to 50. 
6. Analysis of critical % N values in the grain from 
26 individual experiments showed that the critical 
% N increased 0.34% (+21% change) in northwest lowa 
as moisture stress increased to the maximum observed. 
From the critical % N values in the leaf from 21 
individual experiments, the critical % N decreased 
0.43% (-13%) in northwest Iowa at maximum moisture 
stress. Again, this comparison involved a different 
mix of site-years for grain and the leaf. 
In summary, the relative changes in the critical % N due 
to several factors were slightly larger in the grain than in 
the leaf. Relative changes in the critical % P generally 
were slightly larger in the leaf than in the grain. Detailed 
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analysis will be necessary to be more specific about 
relative changes in the critical % N and % P levels in the 
grain and leaf. 
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RECOMMENDATIONS 
Because the major objective of this study was to deter­
mine the effects of several factors on critical nutrient 
concentrations at maximum yield, less attention was given 
to the general relationships between yield, nutrient concen­
trations, and fertilizer rates. The regression equations 
used to estimate the maximum yields and critical nutrient 
percentages can be used in a further study to calculate the 
nutrient concentrations at different percentages of maximum 
yield and to determine nutrient concentrations at economic 
levels of fertilization. 
The direct regression method was used initially to esti­
mate critical % N in individual, single-variable experiments. 
It should be tested in the combined data over years and in 
the multivariable models in this study. An advantage of the 
direct method is that it is easier to use than the two-step 
method. Also, the effects of other variables and their in­
teractions with nutrient concentrations have a more direct 
and obvious effect on the yield - nutrient concentration 
relationship and critical nutrient percentages than occurs 
in the two-step method. 
For the study of moisture stress in the analysis of com­
bined data over years, only the total stress over the 85-day 
season (DV) was included as a variable. Subsequent analysis 
in this study and some other research showed that other 
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moisture stress periods, particularly DVl (40-day period 
prior to silking), should also be tested. 
Recommendations for further research are as follows: 
1. To get better information about the effects of un­
controlled variables, such as weather variables, 
on nutrient concentrations and critical nutrient 
percentages, more site-years of data are needed 
in order to sample a wider range of weather condi­
tions. If a project is to be initiated to study 
yield - nutrient concentration relationships, less 
complex fertilizer experiments and fewer replica­
tions per site can be used in order to sample a 
wider range of weather and other factors. Plant 
samples can be composited from all replications in 
order to reduce the analytical work. Treatment 
means can be used in the regression analysis if 
more site-years of data are available. 
2. Because of the interrelated effects of fertilizers 
on nutrient concentrations and critical % N, % P, 
and % K levels, all three fertilizer nutrients 
should be included in some detailed experiments to 
study these interrelationships. Other variables 
known to have effects on critical nutrient percent­
ages need to be studied in more detail also. These 
include hybrids, crop sequence, plant density, and 
probably others. 
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Further research should consider other factors in 
relation to the region where critical nutrient per­
centages or levels at some percentage of maximum 
yield are to be used. In the United States and the 
Corn Belt, most are interested in nutrient concen­
trations at or near maximum yield levels. In Brazil, 
where fertilizers are generally expensive, A1 tox­
icity is frequent because of high acidity, and 
soils are low in organic matter and C.E.C., similar 
studies on nutrient concentrations in corn are 
needed. Nutrient concentrations in corn at the 
economic optimum or at levels associated with lower 
yield levels because of fertilizer costs or limiting 
factors will be of interest along with the critical 
percentages. Also, a moisture stress index must be 
developed based on the important climatic factors 
for semitropical and tropical conditions. 
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APPENDIX A: MULTIPLE REGRESSION EQUATIONS 
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Table Al, Multiple regressions of YIELD on NGR used to cal­
culate the critical N percentages in the grain 
by the direct method® 
FARM 
EXPNO 
and 
YEAR EXPT 
Regression coefficient of 
Intercept NGR NGR^ R2 
CWRC 4-74 NK -350.3** 5.60** -0.0182* .64 
CWRC 5-79 N(spring) -367.5** 6.32** -0.0211* .88 
GPRC 39-67 N -64. 8 1.26 -0.00364 .40 
6-72 -289.4** 4.41** -0.0127* .81 
7-73 -316.7** 5.56** -0.0187** .85 
8-74 -472.0** 7.17** -0.0236** .81 
9-75 455.1++ -6.19++ 0.0234++ .47 
10-76 -268.7** 3.65** -0.0103** .73 
11-77 -192.3** 3.36** -0.0106** .80 
12-78 -128.3 1.86 -0.00396 .69 
13-79 44.0 -0.51 0.00456 .70 
GRPC 14-75 NP-Cl^ 419.4 -5.68 0.0226 .62 
15-76 93.7 -0.63 0.00291 .50 
16-77 -61.2++ 1.55** -0.00413* .92 
17-78 -301.8** 4.77** -0.0152** .68 
18-79 -41.6 1.31 -0.00299 .53 
MRC 33-72 N*ST(395)C -273.2 3.86 -0.00998 .95 
34-73 -287.8 5.05 -0.0168 .54 
19-74 -232.3 2.76 -0.00697 .19 
20-76 -146.2++ 1.96* -0.00502++ .85 
21-77 -151.9 2.22 -0.00565 .75 
22-78 -380.5** 5.58** -0.0168** .96 
23-79 -982.0 14.41 -0.0490 .87 
KRC 24-79 NP-Cl^ -424.2* 6.42* -0.0206* .61 
OAF 37-72 N*PK(60PK) -416.2 6.00 -0.0179 .94 
38-73 1123.7+ -19.31++ 0.0853++ .76 
36-74 -150.9++ 2.89* -0.00886+ .88 
25-75 N*PK(0 PK) -157.3++ 2.80+ -0.00926++ .65 
26-76 -113.4 2.01 -0.00596 .63 
27-78 N*PK(60PK) -300.7+ 4.73 -0.0146 .72 
28-79 -385.4** 6.08** -0.0193** .93 
Symbols are given in Table 4. 
'calculated over all P levels except Pq. 
'Calculated only for the stand level of 39,500 stalks/ha. 
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Table A2. Multiple regressions of YIELD on N fertilizer 
rates used to calculate the critical N percent­
ages in the grain by the two-step method^ 
FARM 
EXPNO 
and 
YEAR EXPT 
Rearession coefficient of 
Intercept N N^ R2 
CWRC 4-74 NK 28.1** 0.442** -0.000806** . 88 
CWRC 5-79 N(spring) 36.0** 0.540** -O.OOlOl** .98 
GPRC 39-67 N 33.7** 0.332* -0.00197* .38 
6-72 50.4** 0.443** -0.00104++ .89 
7-73 55.1** 0.513** -0.00161** .95 
8-74 44.0** 0.556** -0.00269** .94 
9-75 32.8** 0.355** 0.000143 .91 
10-76 31.5** 0.395** -0.00162** .83 
11-77 52.0** 0.474** -0.00231** .87 
12-78 41.1** 0.430** -0.00161* .74 
13-79 38.2** 0.480** -0.00137** .93 
GPRC 14-75 NP-Cl^ 53.1** 0.380** -0.00102* .86 
15-76 61.4** 0.115++ -0.00218 .46 
16-77 67.2** 0.205** -0.000664** .90 
17-78 55.1** 0.268** -0.000975* .59 
18-79 80.6** 0.160** -0.000678** .52 
MRC 33-72 N*ST(395)C 49.4** 0.432** -0.00120* .94 
34-73 50.6** 0.832** -0.00358** .91 
19-74 12.2** 0.729** -0.00345** .91 
20-76 23.3* 0.444* -0.00220++ .92 
21-77 37.3** 0.418* -0.00150++ .78 
22-78 41.8** 0.680** -0.00271** .99 
23-79 42.1** 0.637** -0.00261** .98 
MRC 24-79 NP-Cl 70.0** 0.180** -0.000700** .74 
OAF 37-72 N*PK(60PK) 30.7** 0.165 0.000696 .97 
38-73 20.8** 0.647** -0.00142* .98 
36-74 38.0** 0.498** -0.00133** .94 
25-75 N*PK(0 PK) 33.8** 0.317** -0.00112* .73 
26-76 31.6** 0.379** -0.00138** .77 
27-78 N*PK(60PK) 31.2** 0.519** -0.00128** .88 
28-79 39.3** 0.496** -0.00114** .98 
Symbols are given in Table 4. 
^Calculated over all P levels except Pq. 
Calculated only for the stand level of 39,500 stalks/ha. 
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Table A3, Multiple regressions of NGR on N fertilizer rates 
used to calculate the critical N percentages in 
the grain by the two-step method^ 
EXPNO Regression coefficient of 
FARM 
cinu 
YEAR EXPT Intercept N N2 R2 
CWRC 4-74 N 103.3** 0.254** -0.000336** .82 
CWRC 5-79 N(spring) 94.4** 0.159** 0.000268 .90 
GPRC 39-67 N 118.2** 1.104** -0.00479** .98 
6-72 119.6** 0.169++ 0.00120++ .87 
7-73 104.4** 0.139++ 0.00149** .93 
8-74 118.6** 0.358** -0.000302 .94 
9-75 137.8** -0.398** 0.00466** .82 
10-76 130.1** 0.276** 0.00116* .96 
11-77 113.3** 0.550** -0.00124* .94 
12-78 127.2** 0.378** -0.000694 .84 
13-79 118.6** 0.175+ 0.000988 .83 
GPRC 14-75 NP-Cl^ 133.6** 0.144+ 0.000057 .65 
15-76 131.8** 0.528** -0.00142** .94 
16-77 122.4** 0.482** -0.00132** .96 
17-78 121.9** 0.400** -0.000863** .93 
18-79 134.9** 0.261** -0.000957** .79 
MRC 33-72 N*ST(395)C 122.6** 0.315** -0.000554+ .98 
34-73 98.1** 0.637+ -0.00158 .70 
19-74 155.4** 0.211 0.000285 .74 
20-76 130.0* 1.081+ -0.00363 .89 
21-77 135.0** 0.607* -0.00159+ .89 
22-78 114.5** 0.750** -0.00255* .92 
23-79 122.1** 0.342** -0.00140* .86 
MRC 24-79 NP-Cl 135.6** 0.273** -0.00114** .74 
OAF 37-72 N*PK(60PK) 112.3** 0.0368 0.000994+ .97 
38-73 113.5** -0.268++ 0.00225* .87 
36-74 91.6** 0.483** -0.000945+ .90 
25-75 N*PK(0 PK) 104.9** 0.480** -0.000869+ .93 
26-76 107.1** 0,537** -0.00152** .93 
27-78 N*PK(60PK) 106.1** 0 282** -0.000391++ .90 
28-79 105.4** 0.251** -0.000125 .95 
^Symbols are given in Table 4. 
Calculated over all P levels except Pq. 
^Calculated only for the stand level of 39,500 stalks/ha. 
276 
Table A4. Multiple regressions of YIELD on NLl used to 
calculate the critical N percentages in the leaf 
by the direct method 
^and^ Regression coefficient of 
FAKN YEAR EZCPT Intercept NLl NL2 
CWRC 1-67 NK -30.0 0.646 -0.000632 .61 
2-68 -139.9** 1.197** -0.00303** .94 
29-69 -74.8** 1.055** -0.00147* .79 
30-70 -38.5** 0.662** -0.000876* .87 
31-71 — 74.7** 0.758** -0.000493 .93 
32-72 -204.2** 1.870** -0.00294** . 86 
3-73 -138.6** 1.56** -0.00278** .84 
CWRC 5-79 N(spring) -88.5* 1.067** -0.00142* .94 
GPRC 9-75 N —49.6* 0.548** -0.000371 .95 
10-76 —98.9* 0.900** -0.00129* .83 
11-77 -91.2++ 1.070** -0.00174* . 66 
12-78 -128.9++ 1.100++ -0.00149 .75 
13-79 -50.7 0.533+ -0.000493 .60 
GPRC 14-75 NP-Cl^ -87.2 0.866 -0.00100 .78 
16-76 -82.2 0.852 -0.00114 .40 
16-77 124.6 -0.564 0.00132 .88 
17-78 -34.9 0.552 -0.000645 .61 
18-79 -5.7 0.477 -0.000588 .41 
MRC 19-74 N*ST(395)C —166.6** 1.891** -0.00422** .96 
20-76 -158.2** 1.664** -0.00341** .97 
21-77 -50.3 0.637 -0.000858 .85 
22-78 -139.2* 1.194* -0.00160* .98 
23-79 -34.1++ 0.569** -0.000713* .97 
OAF 28-79 N*PK(60PK) -66.7** 0.810** -0.000987** .99 
^Symbols are given in Table 4. 
'^Calculated over all P levels except Pq. 
"^Calculated only for the stand level of 39,500 stalks/ha. 
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Table A5. Multiple regressions of YIELD on N rates used to 
calculate the critical N percentages in the leaf 
by the two-step method^ 
EXPNO 
and Rearession coefficient of 
FARM YEAR EXPT Intercept N R^ 
CV7RC 1-67 NK 74.2** 0.236** -0.000480** .66 
2-68 47.3** 0.470** -0.000940** . 88 
29-69 38.3** 0.382** -0.000602** .87 
30-70 35.8** 0.363** -0.000699** .87 
31-71 31.8** 0.542** -0.000946** .90 
32-72 39.6** 0.439** -0.000820** .92 
3-73 43.3** 0.334** -0.000627** .90 
CWRC 5-79 N(spring) 36.0** 0.540** -O.OOlOl** 
00 cn 
GPRC 9-75 N 32.8** 0.355** 0.000143 .91 
10-76 31.5** 0.395** -0.00162** . 83 
11-77 52.0** 0.474** -0.00231** .87 
12-78 41.1** 0.430** -0.00161* .74 
13-79 38.2** 0.480** -0.00137** .93 
GFRC 14-75 NP-Cl^ 53.1** 0.380** -0.00102* . 86 
15-76 61.4** 0.115++ -0.000218 .46 
16-77 67.2** 0.205** -0.000664** .90 
17-78 55.1** 0.268** -0.000975* .59 
18079 80.6** 0.160** -0.000678** .52 
FiRC 19-74 N*ST(395)C 12.2** 0.729** -0.000345** .91 
20-76 23.3** 0.444* -0.00220++ .92 
21-77 37.3** 0.418* -0.00150++ .78 
22-78 41.8** 0.680** -0.00271** .99 
23-79 42.1** 0.637** -0.00261** .98 
OAF 28-79 N*PK(60PK) 39.3** 0.496** -0.00114** 
CO (7) 
^Symbols are given in Table 4. 
^Calculated over all P levels except Pq. 
^Calculated only for the stand level of 39,500 stalks/ha. 
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Table A6. Multiple regressions of NLl on N rates used to 
calculate the critical N percentage in the leaf 
by the two-step method^ 
FARM 
EXPNO 
and 
YEAR EXPT 
Rearession coefficient of 
2 Intercept N N 
CWRC 1-67 NK 210.1** 0.472** -0.000664** .69 
2-68 148.3** 0.895** -0.00157** .91 
29-59 141.8** 0,434** -0.000332* .84 
30-70 140.3** 0.986** -0.00176** .88 
31-71 159.7** 0.926** -0.00157** .89 
32-72 184.4** 0.699** -0.00100** .90 
3-73 163.4** 0.703** -0.00107** .93 
CWPC 5-79 N(spring) 148.5** 0.751** -0.0000172 .98 
GPRC 9075 N 169.7** 0.917** 0.000632 .95 
10-76 208.3** 1.218** -0.00345* .89 
11-77 207.6** 1.475** -0.00501* . 80 
12-78 218.5** 1.127** -0.00268* .94 
13-79 215.7** 1.683** -0.00557* .82 
GPRC 14-75 NP-Cl^ 216.9** 1.190** -0.00368** .93 
15-76 257.9** 0.651** -0.00195** .90 
16-77 260.8** 0.962** -0.00326** .94 
17-78 227.2** 0.972** -0.00327* .71 
18-79 279.4** 1.008** -0.00368** .86 
NRC 19-74 N*ST(395)C 135.6** 1.553** -0.00470** .99 
20-76 162.8** 1.368** -0.00377* .99 
21-77 179.0** 1.806** -0.00581** .99 
22-78 211.5** 1.674** -0.00534** .99 
23-79 171.0** 2.568** -0.00898** .99 
OAF 28-79 N*PK(60PK) 163.7** 1.239** -0.00237** .99 
^Symbols are given in Table 4. 
^Calculated over all P levels except Pq. 
^Calculated only for the stand level of 39,500 stalks/ha. 
Table A7. Multiple regressions used to calculate the critical N percentages in 
the corn leaf by. the two-step method® 
^nd° . Dependent Regression coefficient of 
FARM YEAR EXPT variable Intercept N N R 
GPRC 9-75 N YIELD 32.77** 0.355** 0.000143 .91 
10-76 31.54** 0.395** -0.00162** .83 
GPRC 14-75 NP-Cl 53.11** 0.380** -0.00102* .86 
14-75 NP-C2 41.33** 0.483** -0.00171** .84 
15-76 NP-Cl 61.35** 0.115++ -0.000218 .46 
15-76 NP-C2 39.22** 0.230** -0.000571++ .73 
MRC 20-76 N*ST(297) 28.50** 0.193 -0.00112 .35 
20-76 N*ST(395) 23.26* 0.444* -0.00220++ .92 
GPRC 9-75 N NLl 169.7** 0.917** 0.000632 .95 
10-76 208.3** 1.218** -0.00345* .89 
GPRC 14-75 NP-Cl 216.9** 1.190** -0.00368** .93 
14-75 NP-C2 190.9** 1.387** -0.00440** .95 
15-76 NP-Cl 257.9** 0.651** -0.00195** .90 
15-76 NP-C2 229.8** 0.836** -0.00190** .92 
MRC 20-76 N*ST(297) 180.2** 1.211** -0.00361** .98 
20-76 N*ST(395) 162.8** 1.368** -0.00377* .99 
^Symbols, identification, and coding of the variables are given in Table 4. 
^In all NP experiments, the Pq treatments were deleted from the analyses. 
Table A7, (Continued) 
FARM 
EXPNO 
and 
YEAR EKPT 
Dependent 
variable 
Regression coefficient of 
Intercept N N" 
GPRC 9-75 N NL2 145.6** 0.716** 0.00248++ .95 
10-76 171.8** 1.126** -0.00261* .93 
GPRC 14-75 NP-Cl 203.8** 1.157** -0.00291** .94 
14-75 NP-C2 171.3** 1.433** -0.00426** .92 
15-76 NP-Cl 226.2** 0.655** -0.00165* .89 
15-76 NP-C2 179.4** 1.260** -0.00395** .96 
MRC 20-76 N*ST(297) 180.6** 1.464** -0.00486** .97 
20-76 N*ST(395) 184.6* 1.138 -0.00256 .91 
Table A8. Multiple regressions of YIELD on N and P fertilizer rates, NP rates, 
GPRC and MRC 
Regression coefficient of 
YEAR® Intercept N P P^ N*P R^ 
First-vear corn 
14-75 43. 93** 0 .308** 0 .359** -0.00134** -0. 00331** 0 .00193** .94 
15-76 48. 89** 0 .192* 0 .350** -0.000442 -0. 00226* -0 .000566 .59 
16-77 57. 87** 0 .129** 0 .350** -0.000479* -0. 00253** 0 .000571++ • 86 
17-78 58. 96** 0 .177* 0 .0353 -0.00114* -0. 00156 0 .00197* .58 
18-79 60. 73** 0 .175** 0 .575** -0.000649** -0. 00359** -0 .000266 .86 
24-79 61. 86** 0 .201** 0 .132* -0.000816** -0. 000816+ -0 .0000141 .83 
Second-vear corn 
14-75 31. 67** 0 .316** 0 .378** -0.00157** -0. 00295** 0 .00207** .90 
15-76 41. 64** 0 .142* 0 .128 -0.000604+ -0. 00190++ 0 .00120++ .66 
16-77 48. 28** 0 .396** 0 .109 -0.00151** -0. 000423 0 .000200 .87 
17-78 43. 77** 0 .308** -0 .216* -0.00149** 0. 00189++ 0 .00148* .85 
18-79 43. 84** 0 .344** 0 .230* -0.00123** -0. 00141+ 0 .000939++ .91 
24-79 43. 93** 0 .482** -0 .0364 -0.00195** 0. 000582 0 .0000431 .92 
®EXPNO 14-18 were from GPRC; EXPNO 24 was from MRC. 
Table A9, Multiple regressions of NGR on N and P fertilizer rates, NP rates, 
GPRC and MRC 
Regression coefficient of 
and 2 2 2 
YEAR^ Intercept N P P N*P 
First-vear corn 
14-75 136. 3** 0 .145++ -0 .168 -0 .0000377 0 .00139 0 .000395 .71 
15-76 129. g** 0 .528** -0 .0648 -0 .00145** 0 .00122++ 0 .0000180 .96 
16-77 121. 3** 0 .398** 0 .0449 -0 .00122** -0 .000222 0 .000913* .96 
17-78 123. 3** 0 .344** -0 .00756 -0 .00108* -0 .000366 0 .00125+ .91 
18-79 134. 3** 0 .241** -0 .0351 -0 .000994** -0 .000316 0 .000319 .79 
24-79 124. 2** 0 .369** 0 .263** -0 .00109** -0 .00117* -0 .00149** .91 
Second -vear corn 
14-•75 151. 6** -0 .0225 -0 .259* 0 .000720* 0 .00176++ -0 .0000280 .68 
15-'76 130. g** 0 .457** -0 .0117 -0 .00101++ -0 .000649 0 .000184 .83 
16-77 107. 3** 0 .657** 0 .00414 -0 .00168** 0 .00118 -0 .000404 .94 
17-78 115. g** 0 .137** -0 .0557 0 .000445+ 0 .000144 0 .000517 .92 
18-79 116. 0** 0 .231** -0 .127+ 0 .000129 0 .00194* -0 .00139** .88 
24-•79 118. 2** 0 .318** 0 .0246 -0 .000660** 0 .000465 -0 .000707++ .92 
^EXPNO 14-18 were from GPRC; EXPNO 24 was from MRC 
Table AlO. Multiple regressions of PGR on N and P fertilizer rates, NP rates, 
GPRC and MRC 
Rearession coefficient of 
and 2 2 2 
YEAR^ Intercept N P N P N*P R'^ 
First-year corn 
14-75 229.4** -0.594** 2 .159** 0.00110+ -0.0140** 0.00179 .95 
15-76 189.3** -0.182+ 1 .932** 0.000866 -0.00974** 0.00162+ .95 
16-77 196.4** -0.146 2 .463** 0.000297 -0.0131** -0.0000125 .94 
17-78 231.2** -0.264* 2 .574** -0.000192 -0.0156** 0.00130 .96 
18-79 196.9** -0.255++ 2 .131** 0.000947 -0.0115** 0.000411 .92 
24-79 266.4** 0.145++ 1 .201** -0.00126* -0.00633** -0.000661 .89 
Second-vear corn 
14-75 232.5** -0.739** 1 .661** 0.00267** -0.00906** 0.000376 .93 
15-76 202.0** -0.610** 2 .489** 0.00130 -0.0153** 0.00131 .91 
16-77 237.2** -0.475** 1 .786** 0.00165++ rO.00747** 0.000287 .92 
17-78 221.3** -0.396** 1 .616** 0.000442 -0.00822** 0.00337* .92 
18-79 227.5** -0.806** 1 .800** 0.00286** -0.00920** -0.0000129 .92 
24-79 289.4** -0.191* 0 .882** -0.000291 -0.00581** 0.000346 .90 
*EXPNO 14-18 were from GPRC; EXPNO 24 was from MRC. 
Table All. Multiple regressions of NL on N and P fertilizer rates, NP rates, GPRC 
Rearession coefficient of AJLCL — " P ^ ^ 
YEAR Intercept N P N P N*P R"^ 
First-vear corn 
14-75 238 ,6** 1 .091** -0 .499* -0.00386** 0 .00172 0.00211 .92 
15-76 255 .0** 0 .795** 0 .123 -0.00230** -0 .00113 -0.00140++ .93 
16-77 262 .9** 0 .892** -0 .147 -0.00304** 0 .00173 0.000334 .94 
17-78 235 .8** 0 .654* -0 .178 -0.00244** 0 .00120 0.00280 .65 
18-79 285 .4** 0 .807** -0 .0713 -0.00349** -0 .000108 0.00239+ .84 
Second-vear corn 
14-75 203 .5** 1 .282** -0 .181 -0.00470** -0 .000636 0.00250* .96 
15-76 252 .2** 0 .756** -0 .424** -0.00181** 0 .00115 O.OOlll .95 
16-77 233 .1** 1 .255** 0 .0973 -0.00441** -0 .00144 0.0000515 .92 
17-78 187 .6** 1 .291** 0 .0778 -0.00361** -0 .000470 -0.000591 .95 
18-79 207 .8** 1 .325** -0 .373 -0.00192+ 0 .00446 -0.00254 .88 
Table A12. Multiple regressions of PL on N and P fertilizer rates, NP rates, GPRC 
Regression coefficient of 
and ^ 5 5 ~ 
YEAR Intercept N P N"' P^ N*P R^^ 
First-vear corn 
14-75 
15-76 
16-77 
17-78 
18-79 
194,8** 
207.5** 
199.3** 
192.4** 
227.4** 
0.451** 
0.565** 
0.660** 
0.792* 
0.540** 
0.764** 
1.507** 
1.702** 
1.430** 
1.800** 
-0.00209* 
-0.00214** 
-0.00297** 
-0.00345+ 
-0.00287** 
-0.00831** 
-O.OlOl** 
-0.00956** 
-0.00429 
-0.00976** 
0.00481** 
0.00151++ 
0.00195+ 
-0.00249 
0.00362* 
.89 
.94 
.91 
.72 
.92 
Second-vear corn 
14-75 
15-76 
16-77 
17-78 
18-79 
169.3** 
204.9** 
214.2** 
167.3** 
208.5** 
0.368** 
0.327** 
0.660** 
0.788** 
0.314 
0.689** 
1.138** 
0.897** 
1.320** 
1.270** 
-0.00190** 
-0.00217** 
-0.00201* 
-0.00223* 
0.000812 
•0.00632** 
•0.0102** 
•0.00467++ 
•0.00497++ 
-0.00731++ 
0.00428** 
0.00570** 
•0.0000555 
•0.000387 
0.000170 
.94 
.97 
.87 
.89 
.76 
Table A13. Multiple regressions of YIELD and NLl on N and K fertilizer rates, 
NK rates, CWRC 
Regression coefficient of 
YEAR Intercept N K N*K R^ 
YIELD 
1-67 73.81** 0.233** 0.0194 -0 .000471** -0. 0000633 -0. 00000369 .67 
2—68 47.67** 0.460** 0.00542 -0 .000948** -0. 0000318 0. 0000821 .89 
29-69 40.72** 0.376** -0.0379 -0 .000602** 0. 0000785 0. 0000394 .88 
30-70 36.68** 0.354** 0.0109 -0 .000704** -0. 0000747 0. 0000850++ .88 
31-71 38.81** 0.517** -0.0618* -0 .000946** 0. 0000374 0. 000186** .92 
32-72 41.65** 0.421** -0.00341 -0 .000825** -0. 0000477 0. 000139** .92 
3-73 44.07** 0.320** -0.000730 -0 .000632** -0. 0000202 0. 000112** .91 
NLl 
1-67 213 .5** 0 .495** -0.108* -0.000861** 0. 000327* -0.000176+ .72 
2-68 154 .3** 0 .892** -0.105* -0.00158** 0. 000236++ 0.0000461 .92 
29-69 140 .2** 0 .459** 0.0331 -0.000332* -0. 0000856 -0.000185+ .75 
30-70 150 .4** 0 .997** -0.139* -0.00177** 0. 000233+ -0.0000322 .91 
31-71 173 .8** 0 .910** -0.191** -0.00157** 0. 000339* 0.000113 .91 
32-72 193 .3** 0 .692** -0.0953++ -0.00101** 0. 000114 0.0000526 .91 
3-73 167 .3** 0 .707** -0.0518 -0.00106** 0. 0000911 -0.0000378 .93 
Table A14. Multiple regressions of YIELD, NGR, and NLl on N and PK fertilizer 
rates, OAF 
Regression coefficient of ^ 
YEAR Intercept N PK N*PK R^ 
YIELD 
25-75 
26-76 
27-78 
28-79 
25-75 
26-76 
27-78 
28-79 
28-79 
34.86** 
31.21** 
19.78** 
42.73** 
104.6** 
110.2** 
115.8** 
104.7** 
184.3** 
0.304** 
0.398** 
0.496** 
0.381** 
0.481** 
0.397** 
0.274** 
0.281** 
1.290** 
-0.113* 
0.0137 
0.0959 
-0.0356 
-0.00116** 
-0.00152** 
-0.00137** 
-0.00100** 
NGR i %  N of grain) 
0.00525 
-0.178** 
-0.141* 
0.00227 
-0.000829* 
-0.000740* 
-0.000384* 
-0.000194 
NLl {% N of leaf) 
-0.354* -0.00277** 
0.00312** 
0.00248** 
0.00103* 
0.00119** 
•0.00194** 
0.0000154 
0.0000634 
-0.000172 
0.000813 
.92 
.94 
.91 
.94 
. 88  
.92 
.92 
.93 
.96 
Table À15. Multiple regressions used to calculate critical N percentages in the 
grain and leaf by the two-step method, MRC^ 
"ïnf (%ts/ Dep. Regression coefficient of 
YEAR 0.01 ha) var. Intercept N STAND N*STAND 
19-74 297 YIELD 20.26** 0.584** - -0.00243** - .93 
395 12.17** 0.729** - -0.00345** - .91 
494 5.58* 0.664** - -=0.00314** - .94 
All 44.68** 0.666** -0.0808** -0,00304** — .93 
20-76 297 28.50** 0.193 — -0.00112 — .35 
395 23.26* 0.444* - -0.00220++ - .92 
All 8.30 0.354** 0.0438++ -0.00172** — .76 
21-77 397 41.00** 0.387** — -0.00170* — .95 
395 37.32** 0.418** - -0.00150++ - .78 
494 37.50** 0.539** - -0.00218** — .94 
All 45.56** 0.234** -0.0144 -0.00170** 0.000483** .89 
22-78 297 50.00** 0.259** • — -0.000691++ — .94 
395 41.85** 0.680** - -0.00271** - .99 
494 46.52** 0.583** - -0.00215** - .98 
All 28.80** 0.507** 0.0427** -0.00184** - .91 
^The STAND2 variate was included in the initial models but was deleted in all 
because of nonsignificance. 
Table A15. (Continued) 
EKPNO STAND 
and (plants/ Dep. 
YEAR 0.01 ha) var. 
Regression coefficient of 
Intercept N STAND N" N*STAND 
19-74 297 
395 
494 
Ail 
NGR 149.3** 
155.4** 
167.5** 
154.3** 
0.524** 
0.211 
•0.203 
0.209++ 0.00680 
•0.00147* 
0.000285 
0.00240* 
0.000239 
.97 
.74 
.82 
.71 
21-77 297 
395 
494 
Ail 
131.0** 
135.0** 
128.2** 
138.9** 
0.405++ 
0.607* 
0.417* 
0.680** -0.0249 
0.000850 
•0.00159 
•0.000348 
•0.00134** -0.000233 
.95 
.89 
.90 
.92 
22-78 297 
395 
494 
Ail 
128.1** 
114.5** 
119.0** 
146.7** 
0.586* 
0.750** 
0.339* 
0.528** -0.0668** 
-0.00198+ 
•0.00255* 
-0.000517 
•0.00142** 
.82 
.92 
.90 
.86 
20-76 297 
395 
Ail 
NL 180.2** 
162.8** 
201.3** 
1.211** 
1.368** 
1.287** -0.0939** 
•0.00361** 
•0.00377* 
•0.00362** 
.98 
.99 
.99 
21-77 297 
395 
Ail 
190.3** 
179.0** 
235.5** 
2.052** 
1.806** 
1.738** -0.146* 
•0.00826** 
•0.00581** 
•0.00627** 0.000370 
.99 
.99 
.99 
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APPENDIX B: MOISTURE STRESS DATA AND TREATMENT MEANS 
OF THE EXPERIMENTS 
Table Bl. Weighted moisture stress indexes for 5-day periods and totals for DVl, 
DV2, and DV 
EXPNO ^ FARM EXPT YR LFDATElb SLKOATE 
o
 ; 
CO m
 87 66 85 84 83 82 
1 1 4 67 27 33 0.00 0.00 0.00 0.01 0.04 0.06 0.58 
2 4 68 29 53 0.22 0.00 0.00 0.00 0.00 0.00 0.00 
3 1 4 73 24 22 0.00 0.00 0.00 0.00 0.01 0.03 0.04 
4 1 4 74 0 30 0.03 0.01 0. 15 0.63 0.44 1.29 3.31 
5 1 1 79 31 33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
6 2 1 72 25 24 0.04 0.22 0.78 0.61 0.73 0.59 0.35 
7 2 1 73 20 20 0.09 0.10 0.05 0.28 0.06 0.04 0.37 
8 2 1 74 23 30 0.04 0.01 0.15 0.78 0.71 1.45 3.73 
9 2 1 75 24 25 0.00 0.00 0.00 0.00 0.00 0.10 0.35 
10 2 1 76 20 22 0.61 0.62 0.83 0.67 1.05 2.80 6.14 
w lO 
H 
^XPNO 14 to 18 have the same moisture stress data as EXPNO 9 to 13, respectively; EXPNO 24 
has the same as EXPNO 23; and EXPT 35 does not. have an index computed. 
^Days after June 30 when the corn crop used to calculate the moisture stress index reached 
75% silking. 
"^Moisture stress for 5-day periods before 75% silking. 
Table Bl. (Continued) 
EXPNO FARM EXPT Yft LFDATEl SLKOATE 68 87 86 85 84 83 92 
11 2 1 77 16 12 0.11 0.16 0.30 0.03 0.64 0.95 2.41 
12 2 1 78 27 26 0.00 0.00 0.00 0.00 0.00 0.00 0.  00 
13 2 1 79 30 34 0«00 0.00 0.00 0.00 0.00 0.11 0.00 
19 3 1 74 30 31 0.06 0.06 0.60 1.41 1.58 2.25 4.43 
20 3 1 76 26 22 1.18 1 .58 1.85 2.27 3.34 3.55 3.55 
21 3 1 77 18 12 0.  19 0.48 0.51 0.00 0.32 2.38 4.63 
22 3 1 78 28 27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
23 3 1 79 34 31 0.00 0.00 0.00 0.00 0.57 1.33 1.20 
25 4 3 75 0 20 0.00 0.00 0.00 0.00 0.02 0.09 0.63 
26 4 3 76 0 23 0.00 0.00 0.00 0.10 0.17 0.02 0.45 
27 4 3 78 0 25 0.00 0.00 0.  00 0.00 0.00 0.0i> 0.00 
28 4 3 79 30 31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
29 1 4 69 0 33 0.  00 0.00 0.00 0.00 0.00 0.01 0.00 
30 1 4 70 0 20 0.01 0.00 0.00 0.06 0.35 0.34 1.54 
31 1 4 71 0 22 0.00 0.02 0.00 0.15 0.10 0.00 0.00 
32 1 4 72 0 24 0.00 O.Ol 0.07 0.  10 0.05 0.01 0.00 
33 3 1 72 0 24 0.01 0.00 0.04 0.05 0.04 0.05 0.  00 
34 3 1 73 0 21 0.32 0.52 0.41 0.89 0.51 1.49 0.60 
36 4 3 74 0 25 0.00 0.00 0.00 0.01 0.29 0.88 1.96 
37 4 3 72 0 24 0.00 0.00 0.02 0.13 0.09 0.11 0.11 
38 4 3 73 0 25 0.04 0.02 0.27 0 .27 0.26 0.89 1.61 
39 2 1 67 0 33 0.00 0.03 0.21 1 .  15 0.72 2.53 4.41 
Table B1. (Continued) 
EXPNO 81 A2 A3 A4 A5 A6 A7 A8 A9 DVl® DV2^ OV^ 
1 0.62 0.64 0.72 0.69 1.85 1.12 1 .44 1 .40 1.18 0.89 1.  31 9.93 11 .24 
2 0.00 0.02 0.05 0.03 0.04 0.49 0.48 0.22 0.16 0.00 0.  22 1.49 1.71 
3 0.00 0.  00 0.31 0.40 1.24 0.92 1.16 1.30 1.22 0.59 0.  03 7.  14 7.22 
4 2.54 1.42 0.65 0.35 0.09 1.12 0.98 0.17 0.58 0.35 8.  40 5.71 14.11 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.  00 0.00 0.00 
6 0.04 1.03 0.73 0.09 0.04 1.55 2.07 0.16 0.67 0.05 3.  36 6.49 9.85 
7 0.48 0.02 0.04 0.46 1.87 1.77 2.00 2.23 0.13 0.09 1.  47 8.66 10.13 
3 3.36 4.  14 2.24 1.69 1.78 0.55 0.20 0.04 0.20 0.21 10. 23 1 1.05 21.28 
9 0.98 2.64 1.16 3.41 3.08 3.90 3.67 2.30 0.01 0.01 1.  43 20.18 21 .61 
10 5.82 5.38 3.78 3.99 4.76 3.56 3.02 4.90 4.17 1.74 18. 54 35.30 53.84 
^Moisture stress for 5-day periods after 75% silking. 
®Total moisture stress for the period before silking. 
^Total moisture stress for the period after silking. 
^Total moisture stress. 
N3 
10 
w 
Table Bl. (Continued) 
EXPNO Bl Al A2 A3 A4 AS A6 A7 A8 A9 OVl OV2 OV 
11 1.98 1.42 1.24 0.64 1.17 0.99 2.96 1.46 0.01 0.06 6.58 9.95 16.53 
12  0 .00  0 .00  0 .00  0 .00  0 .00  0 .00  0 .00  0 .00  0 .00  0 .00  0 .00  0 .00  0 .00  
13 0.49 1.08 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.60 1.10 1.70 
19 4.74 6.28 3.93 0.79 0.90 0.46 0.04 1.02 2.04 0.74 15.13 16.20 31.33 
20 4.90 5.68 3.30 4.19 3.81 2.61 4.88 4.70 3.18 1.95 22.22 34.30 56.52 
21 5.02 5.54 3.28 0.94 0.29 0.32 0.43 0.01 0.00 0.00 13.55 10.81 24.36 
22 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.03 0.03 
23 1.21 2.12 2.06 0.02 0.00 0.00 0.00 0.00 0.00 0.00 4.81 4.20 9.01 
25 2.04 2.54 3.11 5.01 5.30 5.01 2.57 2.36 1.97 0.49 2.78 28.36 31.14 
26 1.90 2.48 1.56 1.81 2.70 3.59 3.54 2.58 2.85 1.62 2.64 22.73 25.37 
27 0.00 0.00 0.00 0.00 0.42 0.33 0.46 0.00 0.00 0.00 0.00 1.21 1.21 
28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
29 0.00 0.02 0.22 0.30 0.27 0.13 0.46 0.89 0.07 0.15 0.01 2.51 2.52 
30 3.10 2.82 1.29 1.78 0.08 0.60 1.33 1.76 1.82 0.56 5.40 12.04 17.44 
31 0.20 0.68 0.44 0.38 0.39 1.63 2.20 1.34 0.51 0.64 0.47 8.21 8.68 
32 0.04 0.20 0.03 0.00 0.03 0.69 0.70 0.04 0.42 0.04 0.28 2.15 2.43 
33 0.00 0.16 0.14 0.08 0.07 1.40 1.31 0.12 0.56 0.19 0.19 4.03 4.22 
34 3.06 1.28 2.39 0.72 1.91 1.49 1.86 3.16 2.00 1.45 7.80 16.26 24.06 
36 4.26 5.14 3.94 1.07 0.01 0.05 0.00 0.17 0.59 0.24 7.40 11.21 18.61 
37 0.08 0.62 0.04 0.01 O.Cl 0.27 0.46 0.12 0.53 0.11 0.54 2.17 2.71 
38 0.02 0.08 0.03 1.09 1.10 1.43 2.57 0.74 1.47 0.60 3.38 9.11 12.49 
39 7.12 7.96 5.25 5.60 5.21 5.71 5.17 5.05 4.11 1.89 16.17 45.95 62.12 
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Table B2. Treatment means, NK rates, 1967-1974, CWRC^ 
EXPNO 
and 
YEAR 
1-67 
N rate 
(kg/ha) 0 45 90 179 359 
YIELD (a/ha) 
0 72,3 69.3 76.0 71.0 72.7 
45 83.3 93.0 87.3 81.3 79.7 
90 92.7 98.0 100.0 91.3 93.3 
179 91.7 101.3 94.0 100.0 103.7 
359 100.0 96.7 104.5 101.3 92.3 
NLl (% N) 
0 2.05 1.99 2.05 1.95 2.31 
45 2.32 2.49 2.26 2.21 2.31 
90 2.66 2.41 2.61 2.28 2.54 
179 2.72 2.65 2.66 2.61 2.49 
359 2.72 2.68 2.68 2.73 2.63 
PLl (% P) 
0 .232 .224 .201 .206 .212 
45 .230 .240 .216 .220 .211 
90 .236 .235 .252 .226 .218 
179 .248 .245 .226 .240 .237 
359 .254 .239 .239 .253 .231 
KLl (% K) 
0 1.48 1.70 1.81 1.88 1.82 
45 1.43 1.82 1.86 1.83 1.92 
90 1.29 1.42 1.63 1.81 1.90 
179 1.01 1.38 1.70 1.85 1.89 
359 0.95 1.28 1.53 1.67 2.00 
PLDEN (Dlants/0101 ha) 
0 500 510 525 528 525 
45 510 518 534 498 512 
90 508 526 537 520 521 
179 512 535 524 544 560 
359 554 528 551 526 528 
These means and all others were calculated from the 
number of observations for that treatment after the outlier 
or outliers were removed. 
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Table B2. (Continued) 
®nf N«te K (Icq/ha) 
YEAR (kg/ha) 0 45 90 179 359 
YIELD (g/ha) 
0 47.3 46.0 44.7 46.3 47.0 
45 65.3 73.3 63.0 63.7 63.3 
90 86.7 87.7 87.3 82.7 87.3 
179 92.7 97.0 101.3 100.3 100.7 
379 87.0 93.7 95.7 98.7 97.3 
NLl (% N) 
0 1.53 1.47 1.50 1.48 1.55 
45 1.77 1.97 1.80 1.72 1.76 
90 2.31 2.19 2.24 2.02 2.21 
179 2.60 2.61 2.63 2.51 2.55 
379 2.70 2.70 2.54 2.68 2.71 
PLI (% P) 
0 .259 .249 .267 .248 .233 
45 .256 .272 .272 .253 .255 
90 .282 .281 .258 .257 .260 
179 .290 .285 .282 .276 .271 
379 .298 .285 .281 .284 .280 
KLl (% K) 
0 1.78 1.97 2.04 2.10 2.19 
45 1.61 2.05 2.04 2.09 2.18 
90 1.75 1.81 1.99 2.18 2.19 
179 1.20 1.65 2.04 2.03 2.13 
379 1.35 1.52 1.84 2.02 2.28 
PLDEN (nlants/O.Ol ha) 
0 648 634 619 625 602 
45 645 633 623 635 616 
90 632 624 642 615 632 
179 625 612 625 630 608 
379 634 631 615 612 616 
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Table B2. (Continued) 
N rate K (kq/ha) 
YEAR (kg/ha) 0 45 90 179 359 
YIELD (g/ha) 
0 47.0 42.0 39.7 38.3 39.3 
45 48.3 57.0 45.3 46.3 49.7 
90 74.0 57.0 72.0 67.0 72.3 
179 90.3 94.0 86.7 87.7 86.3 
359 95,7 94.0 101.3 97.7 98.3 
NLl (% N) 
0 1.27 1.44 1.48 1.62 1.48 
45 1.58 1.64 1.43 1.57 1.60 
90 1.89 1.70 1.89 1.56 1.70 
179 2.21 2.21 2.29 2.04 1.91 
359 2.57 2.52 2.54 2.63 2.44 
PLI C% P) 
0 .367 .369 .348 .379 .355 
45 .349 .322 .334 .383 .329 
90 .299 .310 .329 .308 .307 
179 .301 .275 .264 .288 .257 
359 .297 .288 .285 .271 .268 
KLl (% K) 
0 2.09 2.33 2.28 2.22 2.51 
45 1.90 2.27 2.15 2.32 2.25 
90 2.22 2.16 2.33 2.28 2.43 
179 1.71 2.19 2.05 2.36 2.52 
359 2.37 1.81 2.28 2.47 2.47 
PLDEN (olants/O.Ol ha) 
0 617 602 598 587 596 
45 594 600 598 600 632 
90 634 615 596 605 605 
179 615 606 608 600 604 
359 618 605 618 616 596 
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Table B2. (Continued) 
™ N rate : K rate (kq/ha) 
YEAR (kg/ha) 0 45 90 179 359 
YIELD (q/ha) 
0 36.5 39.7 32.3 32.0 34.3 
45 53.3 51.7 49.0 45.7 46.3 
90 68.0 68.7 70.3 65.7 62.0 
179 67.7 80.7 74.3 81.3 76.0 
359 69.0 74.7 80.0 82.3 75.3 
NLl (% N) 
0 1.32 1.52 1.28 1.36 1.41 
45 1.93 1.74 1.85 1.69 1.52 
90 2.53 2.33 2.27 2.10 2.16 
179 2.57 2.58 2.52 2.53 2.49 
359 2.86 2.73 2.67 2.70 2.55 
PLI (% P) 
0 .270 .329 .291 .275 .243 
45 .296 .247 .259 .256 .240 
90 .290 .268 .239 .241 .227 
179 .276 .245 .251 .260 .252 
359 .306 .251 .258 .253 .244 
KLl (% K) 
0 1.48 1.86 2.13 2.04 2.17 
45 1.26 1.90 2.03 2.02 2.23 
90 1.42 1.54 1.87 2.31 2.45 
179 0.91 1.36 1.98 2.21 2.55 
359 0.94 1.47 1.83 2.32 2.70 
PLDEN (olants/O.Ol ha) 
0 628 635 634 655 629 
45 629 652 615 624 650 
90 614 620 626 626 620 
179 617 630 646 654 620 
359 628 606 634 642 618 
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Table B2. (Continued) 
N rate : K r.te (Wha) 
YEAR (kg/ha) 0 45 90 179 359 
YIELD (a/ha) 
0 41.3 42.0 30.0 31.3 26.0 
45 62.3 52.7 50.7 44.0 37.0 
90 77.0 83.3 79.0 66.0 70.0 
179 92.3 101.0 100.3 98.3 103.0 
359 94.0 103.0 108.3 107.0 103.3 
NLl C% N) 
0 1.65 1.87 1.57 1.58 1.54 
45 2.13 1.95 1.89 1.79 1.73 
90 2.47 2.37 2.36 2.14 2.30 
179 2.82 2.71 2.89 2.63 2.79 
359 2.97 2.90 2.92 2.84 2.83 
PLI L% P) 
0 .390 .370 .334 .330 .266 
45 .322 .290 .288 .311 .299 
90 .323 .292 .273 .266 .249 
179 .349 .282 .275 .285 .286 
359 .350 .305 .297 .289 .283 
KLl 1 %  K )  
0 1.70 1.88 2.14 2.18 2.28 
45 1.41 2.01 2.10 2.13 2.31 
90 1.31 1.63 1.94 2.19 2.34 
179 1.02 1.55 2.05 2.33 2.44 
359 1.30 1.50 1.99 2.31 2.58 
PLDEN (olants/O.Ol ha) 
0 586 588 560 618 580 
45 604 564 590 566 596 
90 600 596 581 582 569 
179 602 598 608 598 588 
359 593 577 596 594 600 
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Table B2. (Continued) 
EXPNO 
and 
YEAR 
32-72 
N rate 
(kg/ha) 0 45 90 179 359 
YIELD (a/ha) 
0 42.0 40.0 39.7 38.7 37.7 
45 62.3 60.0 56.0 52.7 49.3 
90 78.0 76.0 77.0 72.7 72.3 
179 81.0 91.0 91.3 94.3 95.0 
359 82.5 90.3 94.3 94.7 92.0 
NLl i% N) 
0 1.95 1.93 1.90 1.92 1.92 
45 2.17 2.02 2.03 1.97 1.88 
90 2.55 2.46 2.35 2.33 2.24 
179 2.94 2.86 2.83 2.84 2.68 
359 3.10 3.02 3.01 3.06 3.01 
PLl 1% P) 
0 .481 .471 .441 .451 .409 
45 .410 .352 .346 .352 .342 
90 .368 .358 .322 .312 .293 
179 .378 .324 .280 .326 .328 
359 .377 .326 .334 .331 .312 
KLl (% K) 
0 1.92 2.22 2.32 2.49 2.52 
45 1.38 1.99 2.09 2.18 2.27 
90 1.25 1.52 1.82 2.17 2.23 
179 0.95 1.37 1.92 2.14 2.42 
359 0.90 1.25 1.93 2.24 2.46 
PLDEN (olants/O.Ol ha) 
0 600 602 638 598 592 
45 596 594 574 604 561 
90 624 592 602 570 578 
179 606 582 608 586 615 
359 588 604 598 588 586 
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Table B2. (Continued) 
EXPNO 
and 
YEAR 
K rate (icq/ha) M rate 
(kg/ha) 0 45 90 179 359 
YIELD (a/ha) 
0 46.0 41.0 38.3 39.3 43.0 
45 60.0 60.0 58.0 56.0 56.7 
90 70.0 73.3 73.3 69.3 69.7 
179 72.3 81.0 82.3 81.0 85.3 
359 74.0 80.3 82.7 88.0 86.3 
NLl (% N) 
0 1.72 1.65 1.65 1.74 1.67 
45 1.80 1.82 1.87 1.81 1.84 
90 2.31 2.24 2.31 2.12 2.11 
179 2.67 2.61 2.57 2.49 2.50 
359 2.91 2.70 2.77 2.80 2.75 
PLJL (r-P) 
0 .350 .373 .357 .348 .312 
45 .330 .291 .291 .303 .285 
90 .306 .290 .279 .258 .255 
179 .323 .292 .280 .283 .281 
359 .341 .293 .302 .302 .293 
KLl (% K) 
0 1.90 2.12 2.27 2.34 2.48 
45 1.52 2.06 2.22 2.33 2.36 
90 1.42 1.67 2.04 2.35 2.54 
179 1.07 1.60 2.21 2.39 2.59 
359 1.06 1.42 1.97 2.33 2.58 
PLDEN (olant/O.Ol ha) 
0 622 610 614 596 624 
45 612 608 596 578 582 
90 592 591 590 602 608 
179 577 591 572 582 586 
359 577 615 587 600 598 
3-73 
302 
Table B2. (Continued) 
; K rate (ka/ha) 
and N rate 
YEAR (kg/ha) 0 45 90 179 359 
YIELD (a/ha) 
0 27.3 25.4 27.0 27.6 26.3 
45 45.0 49.8 46.0 45.0 46.7 
90 62.3 68.6 68.7 62.1 65.3 
179 75.3 79.5 78.3 83.9 81.7 
359 80.7 79.7 87.3 86.2 81.7 
NGR i% N) 
0 1.12 - 1.08 - 1.07 
45 1.05 - 1.06 - 1.09 
90 1.23 - 1.17 - 1.21 
179 1.45 - 1.44 - 1.40 
359 1.52 - 1.45 - 1.53 
PLDEN (plants/O.Ol ha) 
0 526 536 564 550 555 
45 584 577 550 536 522 
90 529 566 567 572 5 80 
179 538 568 578 566 570 
359 567 606 588 576 572 
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Table B3. Treatment means* N rates, EXPNO 5, 1979, CWRC 
PLDEN 
N rate YIELD NGR NL (plants/ 
(kg/ha) (q/ha) (%) (%) 0.01 ha) 
0 36.7 0.95 1.52 550 
67 65.5 1.05 1.89 542 
134 92.2 1.22 2.59 564 
202 102.8 1.37 2.96 546 
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Table B4. Treatment means, N rates, 1967, 1972-1979, GPRC 
EXPNO PLDEN 
and N rate YIELD NGR NLl NL2 (plants/ 
YEAR (kg/ha) (q/ha) (%I^) (%N) (%N) 0.01 ha) 
39-67 0 33.2 1.18 - - 396 
45 46.0 1.58 - - 396 
90 - - - - -
134 43.2 1.80 - - 393 
6-72 0 50.2 1.19 - • - 398 
45 68.6 1.30 - - 397 
90 81.7 1.44 - - 394 
134 90.7 1.63 - - 400 
7-73 0 54.8 1.04 — - 394 
45 75.7 1.14 - - 395 
90 87.6 1.28 - - 395 
134 94.2 1.50 - - 397 
8-74 0 44.3 1.19 — - 381 
45 62.9 1.32 - - 383 
90 73.2 1.51 - - 391 
134 70.0 1.60 - — 377 
9-75 0 32.9 1.38 1.70 1.46 398 
45 48.7 1.30 2.10 1.80 397 
90 66.3 1.39 2.56 2.26 396 
134 82.8 1.68 3.02 2.85 396 
10-76 0 31.8 1.32 2.09 1.71 394 
45 46.8 1.45 2.48 2.13 395 
90 53.9 1.65 2.90 2.53 396 
134 55.4 1.87 3.07 2.76 394 
11-77 0 52.4 1.15 2.08 — 389 
45 68.6 1.34 2.62 - 390 
90 75.4 1.54 3.01 - 389 
134 73.8 1.64 3.15 - 393 
12-78 0 40.6 1.28 2.19 - 380 
45 58.6 1.42 2.63 - 386 
90 65.0 1.56 2.99 - 384 
134 70.3 1.65 3.22 - 391 
13-79 0 38.0 1.21 2.14 - 391 
45 57.0 1.24 2.71 - 390 
90 69.9 1.47 3.30 - 398 
134 77.9 1.58 3.39 - 395 
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Table B5. Treatment means, NP rates, CI and C2, 1975-1979, 
GPRC 
N P PLDEN 
rates rates YIELD NGR PGR NLl NL2 PLl (plants/ 
--(kg/ha)-- (q/ha) (%N) (%P) (%N) (%N) (%P) 0.01 ha) 
EXPNO 
H
 
0
 
1 
H
 1975 
0 0 47.0 1.30 .221 2.58 2.40 .203 388 
56 56.5 1.42 .191 2.88 2.75 .218 396 
112 61.0 1.56 .185 3.08 2.97 .210 400 
0 34 48.5 1.40 .295 2.20 2.06 .210 393 
56 72.0 1.38 .270 2.66 2.48 .228 398 
112 76.5 1.53 .235 3.13 2.95 .264 396 
168 78.0 1.54 .237 3.09 3.07 .265 383 
0 67 55.5 1.34 .306 2.16 2.04 .210 388 
56 72.0 1.32 .294 2.62 2.54 .240 393 
112 84.5 1.53 .262 3.12 3.08 .272 396 
168 92.0 1.58 .258 3.13 3.18 .279 396 
0 lOl 58.0 — — 2.27 2.09 .220 403 
56 69.0 1.38 .280 2.68 2.60 .233 393 
112 88.5 1.62 .276 3.07 3.04 .274 398 
168 91.5 1.62 .270 3.08 3.13 .278 403 
EXPNO 14—C2. 1975 
0 0 36.0 1.53 .239 2.09 2.02 .176 388 
56 45.5 1.53 .190 2.64 2.44 .182 393 
112 40.5 1.58 .191 2.85 2.61 .184 393 
0 34 45.5 1.44 .280 2.04 1.83 .188 406 
56 61.5 1.42 .239 2.58 2.42 .208 393 
112 67.5 1.57 .235 2.90 2.80 .227 398 
168 68.5 1.56 .228 2.97 2.82 .218 403 
0 67 36.5 1.44 .311 1.82 1.59 .183 398 
56 60.0 1.38 .264 2.60 2.26 .216 393 
112 72.5 1.50 .265 2.80 2.72 .228 393 
168 72.5 1.62 .255 3.02 2.94 .247 388 
0 101 46.0 1.42 .294 1.75 1.69 .177 388 
56 70.0 1.44 .278 2.56 2.52 .212 400 
112 79.5 1.50 .266 2.91 2.79 .248 398 
168 82.5 1.58 .264 3.04 3.01 .250 398 
Table B5, (Continued) 
N P PLDEN 
rates rates YIELD NGR PGR NLl NL2 PLI (plantg/ 
--(kg/ha)-- (q/ha) (%N) (%P) (%N) (%N) (%P) O.Ol ha) 
EXPNO 15—Cl. 1976 
0 0 43.0 1.32 .194 2.46 2.05 .210 398 
56 61.5 1.54 .174 2.98 2.66 .232 396 
112 65.5 1.72 .184 3.14 2.82 .239 390 
0 34 59.0 1.28 .248 2.52 2.18 .244 396 
56 69.0 1.52 .232 2.96 2.60 .281 393 
112 68.0 1.68 .243 3.06 2.70 .289 396 
168 72.5 1.78 .250 3.20 2.94 .298 398 
0 67 63.0 1.32 .276 2.66 2.35 .269 393 
56 66.0 1.63 .279 2.92 2.56 .288 390 
112 76.5 1.70 .275 3.06 2.90 .302 396 
168 78.5 1.79 .280 3.12 2.88 .312 396 
0 101 61.0 1.33 .280 2.52 2.24 .249 398 
56 69.5 1.64 .290 2.89 2.65 .300 390 
112 67.0 1.74 .295 2.95 2.71 .313 400 
168 77.5 1.86 .305 3.07 2.89 .313 388 
EXPNO 15--C2. 1976 
0 0 42.5 1.27 .198 2.51 2.03 .205 393 
56 52.0 1.58 .171 2.92 2.60 .219 400 
112 46.0 1.68 .160 3.12 2.76 .212 398 
0 34 42.5 1.32 .272 2.40 1.90 .234 400 
56 50.5 1.54 .242 2.81 2.45 .254 393 
112 53.0 1.72 .216 3.00 2.74 .259 386 
168 63.0 1.80 .214 3.16 2.73 .266 400 
0 67 38.5 1.28 .306 2.29 1.73 .233 398 
56 56.5 1.45 .275 2.64 2.42 .261 396 
112 59.5 1.60 .246 2.99 2.67 .294 388 
168 64.0 1.84 .268 3.23 2.87 .296 396 
0 101 34.5 1.26 .293 2.21 1.73 .219 396 
56 50.5 1.47 .281 2.65 2.32 .259 408 
112 54.5 1.68 .264 3.02 2.66 .294 400 
168 60.5 1.72 .248 3.10 2.80 .300 393 
307 
Table B5, (Continued) 
N P PLDEN 
rates rates YIELD NGR PGR NLl PLI (plantg/ 
--(kg/ha) (q/ha) (%N) (%P) (%N) (%P) 0.01 ha) 
EXPNO 16—Cl. 1977 
0 0 62.0 1.24 .198 2.61 .220 388 
56 63.5 1.42 .181 3.06 .218 390 
112 61.5 1.46 .183 3.16 .222 393 
0 34 67.0 1.22 .276 2.54 .245 390 
56 74.5 1.41 .263 3.12 .286 393 
112 81.0 1.61 .262 3.21 .298 390 
168 82.6 1.60 .246 3.31 .300 393 
0 67 66.0 1.19 .288 2.54 .252 380 
56 78.0 1.44 .285 3.04 .306 390 
112 80.0 1.61 .287 3.18 .314 390 
168 82.5 1.66 .288 3.31 .314 390 
0 101 68.5 1.27 .320 2.68 .278 398 
56 78.0 1.46 .296 3.14 .319 390 
112 84.0 1.62 .312 3.26 .340 390 
168 84.0 1.71 .288 3.35 .326 390 
EXPNO 16--C2. 1977 
G 0 50.0 1.06 .249 2.33 .224 396 
56 66.5 1.40 .196 3.00 .238 390 
112 73.0 1.62 .215 3.11 .266 393 
0 34 48.0 1.12 .297 2.32 .232 393 
56 70.0 1.30 .254 2.80 .256 393 
112 74.0 1.62 .257 3.16 .289 396 
168 78.0 1.69 .258 3.28 .294 390 
0 67 53.5 1.14 .315 2.33 .254 393 
56 75.5 1.48 .308 3.00 .299 393 
112 82.0 1.64 .304 3.22 .306 393 
168 80.5 1.68 .295 3.18 .305 393 
0 lOl 50.5 1.13 .331 — - 396 
56 74.5 1.44 .317 2.83 .283 390 
112 80.0 1.71 .328 3.14 .306 393 
168 82.5 1.76 .300 3.14 .308 393 
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Table B5, (Continued) 
N P PLDEN 
rates rates YIELD NGR PGR NLl PLI (plants/ 
— (kg/ha) (q/ha) (%N) (%P) (%N) (%P) O.Ol ha) 
EXPNO 17—Cl. 1978 
0 0 60.0 1.24 .230 2.50 .205 388 
56 67.0 1.38 .213 2.43 .205 398 
112 63.5 1.47 .198 2.94 .239 396 
0 34 59.5 1.25 .310 2.20 .235 386 
56 60.0 1.37 .283 2.79 .273 388 
112 68.5 1.54 .288 2.60 .276 390 
168 70.0 1.60 .254 2.88 .286 396 
0 67 49.0 1.20 .328 2.24 .260 386 
56 76.0 1.38 .316 2.90 .301 390 
112 73.5 1.58 .303 3.00 .296 390 
168 82.0 1.60 .299 3.08 .234 393 
0 101 55.0 - — 2.32 .290 388 
56 68.0 1.42 .328 2.71 .312 393 
112 70.0 1.60 .316 3.03 .314 398 
168 72.5 1.68 .318 3.11 .293 393 
EXPNO 17--C2. 1978 
0 0 40.0 1.14 .228 1.88 .176 390 
56 56.5 1.24 .186 2.50 .199 390 
112 58.5 1.36 .189 2.76 .214 393 
0 34 45.5 1.18 .272 2.00 .212 388 
56 54.5 1.20 .248 2.50 .244 396 
112 66.0 1.44 .250 2.96 .282 390 
168 58.0 1.51 .220 3.09 .283 388 
0 67 34.5 1.14 .284 1.70 .208 388 
56 56.5 1.18 .278 2.49 .272 390 
112 54.5 1.37 .293 2.82 .279 388 
168 58.0 1.44 .254 3.01 .304 388 
0 101 40.5 1.10 .304 1.96 .257 388 
56 64.0 1.26 .302 2.58 .298 393 
112 76.0 1.40 .293 2.78 .301 388 
168 77.0 1.55 .305 2.94 .307 393 
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Table B5. (Continued) 
N P 
rates rates YIELD NGR 
—(kg/ha) (q/ha) (%N) 
PLDEN 
PGR NLl PLI (plantQ/ 
(%P) (%N) (%P) 0.01 ha) 
EXPNO 18—Cl. 1979 
0 0 62.5 2.91 .250 396 
56 67.0 1.46 .185 3.22 .246 390 
112 73.0 1.47 .179 3.12 .241 393 
0 34 76.5 1.34 .257 2.94 .290 394 
56 87.5 1.48 .254 3.17 .302 406 
112 86.0 1.47 .228 3.42 .317 400 
168 85.0 1.51 .248 3.47 .322 400 
0 67 82.0 1.33 .284 2.68 .293 400 
56 87.5 1.50 .276 3.26 .337 396 
112 91.0 1.52 .280 3.40 .360 408 
168 93.0 1.54 .273 3.37 .338 403 
0 101 82.5 1.36 .298 2.76 .309 416 
56 89.5 1.46 .278 3.31 .356 408 
112 91.0 1.52 .290 3.56 .380 400 
168 88.0 1.52 .282 3.51 .382 406 
EXPNO 18--C2. 1979 
0 0 45.0 1.14 .223 2.05 .212 388 
56 60.5 1.32 .186 2.84 238 406 
112 62.0 1.44 .183 3.26 .236 403 
0 34 48.0 1,14 .285 1.88 .226 409 
56 74.5 1.20 .241 2.76 .272 412 
112 78.0 1.38 .218 3.16 .304 398 
168 80.0 1.46 .223 3.54 .329 400 
0 67 47.5 1.20 .306 2.19 .274 390 
56 68.0 1.22 .286 2.40 .268 400 
112 85.0 1.37 .244 3.12 .303 416 
168 86.0 1.43 .246 3.42 .329 396 
0 101 62.0 1.24 .310 2.16 .268 388 
56 73.5 1.24 .276 2.54 .265 406 
112 83.5 1.38 .260 3.28 .332 406 
168 92.5 1.41 .268 3.36 .336 396 
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Table B6. Treatment means, N*STAND rates, 1972-1974 and 
1976-1979, MRC 
EXPNO N STAND PLDEN 
and rate (plants/ YIELD NGR NLl NL2 (plants/ 
YEAR (kg/ha)O.Ol ha) (q/ha) (%N) (%N) (%N) 0.01 ha) 
33-72 
34-73 
19-74 
35-74E 
0 395 48.5 1.22 - - 388 
56 72.5 1.39 - - 393 
112 80.0 1.50 - - 396 
168 88.7 1.60 — — 395 
0 395 48.5 1.11 — — 396 
56 87.7 1.27 - - 388 
112 95.0 1.40 - - 398 
168 90.0 1.60 — — 398 
0 297 19.3 1.49 — — 301 
56 50.0 1.66 - - 302 
112 51.0 1.88 - - 299 
168 50.7 1.96 — - 301 
0 395 11.0 1.57 1.35 - 390 
56 45.7 1.64 2.11 - 398 
112 45.5 1.84 2.42 - 396 
168 38.3 1.98 2.65 - 381 
0 494 6.0 1.68 — — 479 
56 31.7 1.60 - - 476 
112 42.5 1.80 - - 492 
168 28.0 2.00 — — 472 
0 297 22.0 1.48 — — 296 
56 45.3 1.86 - - 300 
112 41.7 2.10 - - 301 
168 41.5 2.12 - - 301 
0 395 24.3 1.48 — — 400 
56 42.7 1.80 - - 394 
112 37.0 2.07 - - 398 
168 42.5 2.04 - — 396 
0 494 17.5 1.40 — - 467 
56 35.5 1.78 - - 472 
112 35.5 1.93 - • - 492 
168 36.3 1.99 - - 491 
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Table B6. (Continued) 
EXPNO N STAND PLDEN 
and rate (plants/ YIELD NGR NLl NL2 (plants/ 
YEAR (kg/ha)O.Ol ha) (q/ha) (%N) (%N) (%N) 0.01 ha) 
20-76 
21-77 
22-78 
0 297 22.7 - 1.81 1.80 298 
56 38.3 - 2.36 2.48 300 
112 33.7 - 2.71 2.83 298 
168 35.0 - 2.81 2.90 299 
0 395 22.3 1.30 1.64 1.84 391 
56 44.0 1.68 2.22 2.39 390 
112 43.5 2.13 2.62 2.69 400 
168 37.0 2.04 2.85 3.04 393 
0 297 41.0 1.31 1.90 — 300 
56 57.3 1.56 2.79 - 301 
112 63.0 1.87 3.16 - 306 
168 55.5 1.93 • — - 304 
0 395 40.3 1.32 1.76 — 391 
56 63.0 1.55 2.64 ^ - 393 
112 63.0 1.86 3.05 - 396 
168 66.0 1.91 3.19 - 395 
0 494 37.0 1.30 — - 482 
56 62.3 1.46 - - 489 
112 69.0 1.75 - - 479 
168 68.0 1.84 — — 484 
0 297 49.5 1.30 — — 299 
56 63.3 1.52 - - 295 
112 69.3 1.72 - - 300 
168 74.0 1.75 - - 295 
0 395 40.0 1.16 2.12 — 393 
56 70.7 1.38 2.88 - 388 
112 84.5 1.74 3.32 - 396 
168 79.5 1.66 3.42 - 393 
0 494 46.3 1.19 - - 486 
56 73.0 1.36 - - 484 
112 84.0 1.50 - - 470 
168 84.0 1.61 - - 476 
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Table B6, (Continued) 
EXPNO N STAND PLDEN 
and rate (plants/ YIELD NGR NLl NL2 (planta^ 
YEAR (kg/ha)O.Ol ha) (q/ha) (%N) (%N) (%N) O.Ol ha) 
0 297 42.0 1.34 1.90 - 301 
56 61.3 1.44 2.93 - 300 
112 67.3 1.43 3.43 - 301 
168 69.3 1.50 3.63 — 301 
0 395 42.7 1.21 1.68 - 391 
56 70.7 1.37 2.92 - 396 
112 79.0 1.42 3.38 - 396 
168 76.0 1.40 3.49 — 398 
0 494 52.0 1.30 1.80 — 450 
56 70.0 1.35 2.78 - 464 
112 80.0 1.42 3.22 - 470 
168 81.7 1.44 3.25 - 482 
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Table B7. Treatment means, NP rates, CI and C2, EXPNO 24, 
1979, MRC 
N P Plden 
rates rates YIELD NCR PGR (plants/ 
(kg/ha) (q/ha) (%N) (%P) 0,01 ha) 
Ç1 
0 0 60.0 1.24 .272 350 
56 72.5 1.44 .266 346 
112 74.0 1.47 .263 353 
0 34 65.0 1.30 .292 348 
56 75.0 1.46 .310 348 
112 76.0 1.58 .296 348 
168 78.0 1.54 .297 353 
0 67 69.0 1.40 .325 348 
56 78.5 1.46 .319 350 
112 74.5 1.51 .308 343 
168 77.4 1.50 .298 344 
0 101 64.5 1.38 .318 348 
56 77.5 1.48 .326 350 
112 77.5 1.49 .322 346 
168 79.0 1.46 .298 346 
Ç2 
0 0 43.0 1.21 .292 343 
56 70.0 1.32 .268 350 
112 71.5 1.48 .272 346 
0 34 44.0 1.18 .315 350 
56 65.0 1.32 .304 348 
112 72.5 1.44 .284 348 
168 74.0 1.47 .278 343 
0 67 44.5 1.24 .322 350 
56 67.5 1.34 .315 348 
112 73.4 1.48 .300 346 
168 73.0 1.49 .280 348 
0 101 47.0 1.26 .318 350 
56 69.5 1.36 .308 350 
112 77.0 1.46 .300 346 
168 73.0 1.47 .287 348 
Table B8. Treatment means, N*PK rates, 1972-1976 and 1978-1979, OAF 
N rate 
(kg/ha) 
YIELD (g/ha) 
0 PK 67 PK® 
NGR (%) PGR (%) 
0 PK 67 PK 0 PK 67 PK 
PLDEN 
(plants/0.01 ha) 
0 PK 67 PK 
0 
45 
90 
179 
0 
45 
90 
179 
0 
45 
90 
179 
EXPNO 37. 1972 
30.7 - 1.12 - - — 431 
39.5 — 1.16 — — — 454 
82.5 - 1.51 - - - 438 
EXPNO 38. 1973 
20.8 - 1.14 - — — 482 
47.0 — 1.06 — — — 473 
91.0 - 1.38 - - - 512 
EXPNO 36. 1974 
38.2 - 0.94 - - - 482 
57.0 - 1.04 - - - 471 
72.5 - 1.32 - - - 479 
84.5 - 1.47 - - - 513 
w 
% 
^67 PK = 67 kg P/ha + 67 kg K/ha. 
Table B8, (Continued) 
PLDEN 
jj rate YIELD (a/ha) NGR (%) PGR (%) (plants/O.Ol ha) 
(kg/ha) 0 PK 67 PK 0 PK 67 PK 0 PK 67 PK 0 PK 67 PK 
EXPNO 25. 1975 
0 31.7 27.0 1.06 1.07 .262 .296 530 543 
45 50.0 49.0 1.22 1.11 .207 .271 527 575 
90 49.0 63.5 1.43 1.34 .179 .272 556 528 
179 55.2 82.0 1.63 1.40 .185 .231 526 587 
EXPNO 26. 1976 
G 31.0 32.2 1.09 1.00 .254 .284 509 520 
45 47.0 53.3 1.25 1.13 .213 .266 506 544 
90 53.3 72.0 1.46 1.25 .182 .253 541 545 
179 55.2 84.2 1.54 1.47 .186 .241 531 536 
EXPNO 27. 1978 
0 19.5 23.3 1.16 1.07 .281 .309 571 567 
90 55.7 71.0 1.37 1.26 .216 .284 615 579 
179 61.2 79.5 1.53 1.46 .234 .258 599 592 
269 53.2 79.7 1.62 1.53 .240 .261 558 556 
EXPNO 28. 1979 
0 42.5 38.8 1.06 1.06 .284 .308 496 468 
90 71.3 76.5 1.26 1.24 .219 .305 491 466 
179 75.0 90.0 1.52 1.49 .241 .275 468 466 
269 72.5 91.3 1.63 1.63 .235 .292 481 456 
Table B9. Treatment means, N*PK rates, EXPNO 28, 1979, OAF 
N rate 
(kg/ha) 
YIELD (a/ha) NLl (%) PLl (%) 
PLDEN 
(olants/O.Ol ha) 
0 PK 67 PK^ 0 PK 67 PK 0 PK 67 PK 0 PK 67 PK 
0 42.5 38.8 1.78 1.62 .171 .208 496 468 
90 71.4 76.5 2.95 2.59 .220 .238 491 466 
179 75.0 90.0 3.19 3.06 .235 .267 468 466 
269 72.5 91.3 3.28 3.27 .247 .279 481 456 
^67 PK = 67 kg P/ha + 67 kg K/ha. 
